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Titre : Effet de la microstructure et de l'orientation
c&amiques ferrodectriques pé&ovskite
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Relaxation didectrique

Ré&umé Les matéiaux ferrodectrigues sont

ODUJHPHQW XWLOLVp\W techrolygids 1

incluant les transducteurs, actionneurs, capteurs...
Parmi les structures ferrodectriques les plus
exploitées, celles a base de Pb(ZrTi)Os (PZT)
offrent de bonnes performances dans des dispositifs
opéationnels. Malgré cet aboutissement en terme
de valorisation, la compréhension fondamentale des
caractéistiques physiqg ues des systémes basés sur

les cdamiques 3=7 FRQWLQXH GH VX
GIXQH ODUJH FRPPXQ D Xeppndsrf,L
XQ LQWpUrW FURLVVDQW SRUWEF
IHUURpPOHFWULTX
FKLPLTXHV QRFLIV Serm@il dan HeQ

VWUXFWXUHYV

teneur en plomb. Dans ce cadre, les systdnes a
base de BiFeOs-BaTiOs (BF-BT) ont suscité
beaucoup d'inté& en tant que maté&iaux
ferrodectriques sans plomb. Ce travail de thése
porte sur des &udes systématiques portant sur les
c&amiques a base de PZT et celles a base de
BF-BT.

Title: Effect of the microstructure and orientation of grains

ferroelectric ceramics

Trois contributions ont &é développées doant la
premiére dédié al'analyse des microstructures, des
phases cristallines et des  propriéés
ferrodectriques dans les systémes PZT dopés. Les
travaux ont montréle r de du dopage Soft-Hard sur
les propriéés structurales, morphologiques et
dectriques des matéiaux dopé accepteurs . Dans
une deuxiéme partie, l'interaction des
microstructures et des propriéés éectriqgues a &é
éudiée dans les systémes BF -% 7 /1 R<aidnh |
des conditions de fabrication a travers la
composition chimique et le traitement thermique
contribue aux propriéés piézodectriques
amdiorées dans ces systémes sans plomb. Pour la
troisitme partie des travaux, des é&udes
exp&imentales de fabrication, texturation et les
caractaisations des propriéés ferrodectriques et
dectromécaniques ont é&é corrdées  avec
OfRUJDQLVDWLRQ VWUXFWXUDC
c&amiques texturées.

on the performance of perovskite

Keywo rds: Textured ceramics, Piezoelectric properties, Nanodomains, Soft-hard doping, Dielectric relaxation

Abstrac t: Ferroelectric materials have been widely
applied in transducers, high-pressure generators,
actuators, sensors... In this context, the ferroelectric
materials are generally regarded as being related to
an important class of smart materials. Among the
most popular ferroelectric materials, those based on
Pb(Zr,Ti)Os (PZT) structures show the best
performances in operating devices. Despite such
achievements, the fundamental understanding of
the physical characteristics continues to arouse the
interest of a wide scientific community. On the other
hand, in view of the environmental-friendly
requirement, more attention have been paid by the
researchers to lead-free ferroelectric materials.
Thus, BiFeOs-BaTiOs (BF-BT) systems have
attracted a great deal of interest as promising
candidate for lead-free ferroelectric materials. In this
dissertation, PZT-based and BF-BT-based ceramics
were investigated systematically.

Three contributions have been developed with the
first dealing with the analysis of microstructures,
crystalline phases and electric properties in doped
PZT systems. It was revealed the involvement of
softening-hardening features and the relation
between defect dipoles and electric properties in
acceptor doped materials. In a second part, the
interplay of microstructures and electric properties
was studied in BF-BT systems, providing the
relevant analysis of the optimized performance such
as the enhanced piezoelectric properties of lead-free
systems. In the third contribution, experimental
methods of synthesis and texturing BF-BT systems
by BT templates ad the characterization of
ferroelectric and electromechanical properties have
been correlated with the structural and
morphological organization of textured ceramics.
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Abstract

Abstract

Ferroelectric materials have been widely applied in transducers;phégsure
generators, actuators, sensors... In light of this, the ferroelectric materials are
generally regarded as being relatedn important class of smart materials.

Among the most popular ferroelectric materials, those based on PZT structures show
the best performances in workable devices. From fundamental understanding of
physical features in PZT based systems, even manghanesms have been
exhaustively validated, actual studies are still under consideration by a wide scientific
community. For instance, the softeningrdening doping processes, the relevance and
behavior of defect dipoles impacting dielectric responsesefisag/their incidence on

the piezoelectric properties remain essential concerns in material sciences area. On the
other hand, in view of the environmentaendly requirement, more attention have
been paid by the researchers to l&a@ ferroelectric m@rials. BiFeQ-BaTiOs
(BF-BT) systems have attracted a great deal of interest as promising candidate for
promising leadree ferroelectric materials. Due to intrinsic confinements stemming
from grain structures of ferroelectric systems, piezoelectric gotigs cannot be
improved substantially even by doping processes. The synthesis of single crystals for
can be relevant to enhance the ferroelectric properties but this route is limited for the
development at wide scale because of its rigorous synthesigicorand its higlcost.

Thus, the realization of textured ferroelectric materials offers an alternative approach
to achieve highly performant ferroelectric systems. The mechanism is based on the
ferroelectric domains being forced to align along a defalieettion. Beyond an easy
processing, the domain texturing approach is reproducible and lead to reliable
properties as it may be achieved by using single crystals.

In this dissertation, PZbased and BIBT-based ceramics were investigated
systematicallyThe first contribution was dealing with the analysis of microstructures,
crystalline phases and electric properties in PZT systems. It was revealed the
involvement of softeningpardening features and the relation between defect dipoles

and electric propées in acceptor doped materials. In a second part, the interplay of

Vil



Abstract

microstructures and electric properties was studied ¥BBRystems, providing the
relevant analysis of the optimized performance such as the enhanced piezoelectric
properties of leadree systems. In the third contribution, experimental investigations
and deep analysis were devoted to the effects of the microstructures, the structuration
of the grains by the templated grain growth method in texture@ BEeramics and

the electrical proprties. The main achieved uits are hereafter highlighted:

(1) The correlation between the microstructures and the involved properties were
investigated in soft (RR4Sr.0d-80.01)(Zro.53Ti0.47/ 03 (PSLZT) ceramics fabricated by

the conventional solidtate reaction and usinge** doping to form PSL(ZT)x-Fe
system The variation of the doping rate modulates the ferroelectric features and the
electromechanical behavior. With loe’* contentsbelow 0.010wt.%, the samples
showedapparent characteristio$ soft materials. The remnant polarization of samples

is about3 & FWRith the piezoelectric constant and the straidt? pC/N and
0.22% (25 kV/cm) respectively. With increasing the ¥econtent, the amount of
oxygen vacancies increastu keepchargeconservation After aging,defect dipoles

were formedas a reult of the shorrange migration ofoxygen vacancies
Ferroelectric domains were pinndy these defect dipolesnder suitable electric
fields. Thus, the obtained ceramics exhibit fisgtures of hard materials with the low
piezoelectric constants and rhaaical quality factor®m achieving values as high as
500. The microstructures and piezoelectric performances of samples were also
affected by the sintering process. By increasing temperatures, tHeaafe sample

(x = 0.005) showed more porous grainducing a low density and a decrease of the
piezoelectric coefficient. Moreovecomparative investigations, based on the poled
and unpoled samples, point out the influencedefect dipoleson ferroelectric
propertieof softand hard samplef was faund that polarization of defect dipolBs

was aligned along the spontaneous polarizal@nHowever, this pinning effect of
domains have tendency to be degraded in hard ceramics.

(2) BiFeAlOz-BaTiOs ceramics with Al doping the B site were systematically
investigated with a particular focus on their microstructures and electric properties, in

order to optimize the ferroelectric performance. It was found that the distortion of the
Vil
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rhombohedral phase reached the highest content of doping elements; 0€30.

The highest spontaneous and remirpolarization were achieved in this system with
the values & FPQG 2greByfectively. The large distortion and high
content of the rhombohedral phaskyed an essential role in the improvement of
ferroelectric behaviof’Fe M‘§sbauer investigations show an increase of the disorder
of F&* with higher Al doping ratioswhich contribute to pronounced features of a
diffuse phase transition. With higher Al doping ab®/@45 the samples exhibited

two distinct dielectric relaxatiobehaviors, which were analyzed explained by the
3% UZAENDO” PRGHO

(3) Textured BiFeGa@-BaTiO: (BFG-BT) ceramics were studied for their
microstructures and ferroelectric performance via the reactive templated grain growth
method. The BF&T textured sample exhibited superior higimperature
ferroelectric properties bageon the analysis of strain and dielectric properties at
different temperatures. The piezoelectric coefficient of the textured sample reached
685 pm/V at 180C XRD investigations showed a stable ferroelectric structure of
textured samples and no phasensiaion is observed from the ferroelectric phase
(P4mm andR3c) to the paraelectric phaseupic). The oriented rhombohedral phase
and the higkdensity of nanodomains were revealed to play essential roles in
upgrading strains of the textured products.dditon, the low energy barrier induced

by the nanodomains reduced the coercive field and ensured an easy switching of
domains in the external electric field. The <001> orientation of grains lowers the
angles between the external electric field and thatgpeous polarization and strains

in neighboring grains leading to enhanced ferroelectric performances in textured

samples.

Keywords: Textured ceramics, Piezoelectric properties, Nanodomains-h8odt

doping, Dielectric relaxation



Abstract




Ré&umé

Ré&umé

Les matégiaX[| IHUURpPOHFWULTXHYVY VRQW ODUJHPHQW XWLOLV|
incluant les transducteurs, actionneucapteurs... Dans ce contextes maté&iaux

ferrodectriques constituent une classe importante de maté&iaux fonctionnels.

Parmi ks structtes ferrodectriques les plus exploit@s, ceux abase de Pb(Zr,Ei)O

abr@é (PZT) offrent de bonnes performances dans des dispositifs opé&ationnels.
Malgrécet aboutissement en terme de valorisation, la compréension fondamentale

des caractéistiques phygiles des systénes basé sur le PZT continue de susciter
OfLQWpPpUrwW GITXQH ODUJHPBRReMEI X pibpessisldd Qopage L T X H

« SoftHard»du PZT qui géé&ent des ddauts dipolaires contribuant aux rgponses

didectriques et pigodectriques, FRQWLQXHQW GH IDLUH OfYREMHW GH G
le domaine des sciences des mat&iaux. Cependant, un intéé& croissant porte sur la

PLVH HQ °XYUH GH VWUXFWXUHY IHUURpPOHFWULTXHV H]J
SRXU OTHQYLURQQ H mhloms. Dars Qe tadd) led/dyspahies @badde de
BiFe(:-BaTiOz (BF-BT) ont suscité beaucoup d'inté& en tant que matéiaux
ferrodectrigues sans plomb. En raison de leurs microstructures formés de grains
ferrodectriques, les propridés piodectriques nepeuvent pas ére amdiords

sensiblement méne par des processus de dopage. La synthése de monocristaux est

une voie pertinente pour amdiorer les propridé ferrodectrigues mais son intéé est

limité pour un dé&eloppement agrande é&helle en raison desnditions drastiques

requises pour la synthése cristalline et le col devéde telles structures. Ainsi, la

ralisation de maté&iaux ferrodectriques texturé offre une approche alternative pour

raliser des systénes ahautes performances ferrodectriques mé&anisme est basé

sur le fait que les domaines ferrodectriques sont forcé& de s'aligner le long d'une

direction déinie. AbyGHOj] GTXQH PLVH HQ °XYUH IDFLOH OD PpW
domaines est reproductible et conduit ades propridé optirasé

Ce travail de thése porte sur des dudes systénatiques portant sur les céamiques a

base de PZT et de BBT. La premige contribution est déli@ alanalyse des

microstructures, des phases cristallines et des proprié& ferrodectriques dans les

XI



Ré&umé

systénes PZT. Les travaux ont montréle rde du dopage Sddird sur les propriéé

structurales, morphologiques et dectriques des mat&iaux dopé accepteurs. Dans une
deuxiéne partie, l'interaction des microstructures et des propriéé dectriques a éé

déudi@ dans les systénes BR67 /TRSWLPLVDWLRQ GHV FRQGLWLRQ
travers la composition chimique et le traitement thermique fournissant contribuent aux

propriéé pieodectriques améiorées dans ces systénes sans plomb. Pour troisiéne

partie destravaux,elle porte sur la texturation par des agents texturants abase de

lamelles nanomériques de BaTiCet les propriés des cé&amiques BIBT. Des

dudes expé&imentales de fabrication, texturation et les caracté&isations des propridé
ferrodectriques et dectromé&aniques ont éécorrées avee OTRUJDQLVDWLRQ VWU
et morphologique des céamiques texturé@s. Les principaux réultats sont mis en

relief c-dessous:

(1) La corrdation entre la microstructure et les propridés ferrodectriques ta é

éudie@ dans des céamiques 8oft» (Pbo.osSro.0da0.01)(Zro.s53Tio47)Oz (PSLZT)

fabriquées par une réaction al'éat solide conventionnelle en utilisant un dopagé Fe

pour former un systéne PSL(ZT)-Fe. La variation du taux de dopage module les
caactéistiques ferrodectriques et le comportement dectromé&anique. Avec de faibles

teneurs en Fé inféieures (0, 010% en poids), les &hantillons ont montré des
FDUDFWpPULVWLTXHYV V{DSSD Wdft® Ve paavisatiod Es@wkeNe GHY PDW
des &hantillons est d'environ 35,7& F°Pavec la constante pi&odectrique et la

ddéormation de 412 pC/N et 0,22% (25 kV/cm) respectivement. Avec I'augmentation

de la teneur en Bg& la quantité de lacunes d'oxygée augmente et les domaines
ferrodectrigues subissent un accrochage (pighirsous des champs dectriques

appropriés. Ainsi, les c&amiques obtenues pré&entent les caractéistiques de

mat&iaux «Hard» avec de faibles constantes pigodectriques et des facteurs de

qualité m&anique Qn GH OYRUGUH GH IHV PpeFdaiRaviad) X FW XUH
pieodectriques des &hantillons ont @alement éé affectées par le processus de

frittage. En augmentant les tempéatures, I'€hantilloso&t» (x = 0, 005) a montré

des grains plus poreux conduisant a une faible densité et une diminudion

coefficient pi&@odectrique. De plus, des déudes comparatives, sur des &hantillons
Xl
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aligné dectriguement ou non, soulignent l'influence des déauts dipdaires sur les
propriéé ferrodectriques des €hantillons &oftHard» La polarisation des déuts

dipolaires est aligné& (pinning) le long de la polarisation spontané pour les
céamiques adopage «oft» Cependant, cet effet de pinning» des domaines a
tendance ase d@rader dans les céamiques adopadpare »

(2) Les céamiques BiFeAl@BaTiO: dopées par Al au site B ont éé
systénatiquement éudiees avec un focus particulier sur leurs microstructures et les
propriéés dectriques, afin d'optimiser les performances ferrodectriques. Il a éé
constatéque la distorsion de la phase rhombioge est la plus éevé pour une forte
WHQHXU $0 GH= 003R.ULG pdiarisatibn spontan@ et ré&iduelle la plus

devé a déobtenue dans ce systt'H DYHF OHV YDOHXHW GH 2% FR FP
respectivement. La grande distorsion et la fraction éevé de la phase rhombodrique

ont jouéun rde essentiel dans I'amédioration du comportement ferrodectriques L

déudes par la spectroscopi®idssbauer du °’Fe montrent une augmentation du
déordre des ions Fé avec des rapports de dopage Al plus devés; effets qui
contribuent aux caractéistiques prononcés d'une transition de phase diffuse. Avec un
dopage Al supéieur a0,045, les &hantillons pré&semit deux comportements de
relaxation didectrique distincts, qui ont ééanalysé par le modée Briewall»

(3) Les c&amiques texturées BiFeGa@daTiO: (BFG-BT) ont éédudids et leurs
SHUIRUPDQFHYV ITHUURpPOHFWULTXHV FRitttsp@tpidY DYHF C
L'€hantillon texturé BFG-BT préente des propriéé ferrodectrigues amdioré@s
suggées par l'analyse des propriéés de ddormation et didectriques adifféentes
tempéatures. Le coefficient pi@odectrique de I'€hantillon texturéaint 685 pm/V a

180 . Les dudes par diffractioX RD ont montréune structure ferrodectrique stable

pour les &hantillons texturés sans aucune transition structurale de la phase
ferrodectrigue P4mm et R3c) ala phase paradectrique (cubique). La phase
rhombodrique orienté et la haute densitéde nadomaines jouent un rde essentiel
GDQV OYDPpOLRUDWLRQ GHVY FRQWUDLQWHY GHV PDWpUL
éergie induite par les nanodomaines ré&luit le champ coercitif et assuregmeaient

aisédes domaines sous un champ dectrique externe. L'orientation <001> des grains
Xl



Ré&umé

abaisse la déorientation entre le champ dectrique externe et la polarisation spontané
ainsi que les contraintes dans les grains voisins avec comme cons@uence une

amdioration des performances ferrodectriques dans les €hantillons texturés.

Mots clé: Cé&amiques textur@s, Propridéé pieodectriques, Nanodomaines, Dopage

softhard, Relaxation didectrique
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General Introduction

General Introduction

Ferroelectric materials combine the interactions between applied electric fields,
induced polarizations and the mechanical strains. The energetic cocnerns are based on
the interpay between ekeical and mechanical excitatioeaction proessesTo date,
ferroelectric materials have played essential roles in a wide range of devices required
for key industrial needs. However, due to the rapid and continuous developments of
technologies, divers@mnovative fields are being more demanding in terms of efficient
piezoelectric coefficients and under extreme working conditions (temperature,
pressures, atmosphere,..). It is noteworthy thatlevaat solution used to enhance
ferroelectric properties liem the doping process, which adjusts phase structures of
materials and reduce the energy barriers for domains swit(ﬁﬁgln addition,
adjusting orientation of grains as it can be realized in textured media ensures an
effective way to promote ferroelectric properties by privilegied specific orientation
within the host doped materi.

Till now, the leadbased materials have already taken the dominating proportion
among all the commercidérroelectric ceramicsHere are some various lebdsed
systems, including Pb(Mn/aNb2/3)Os-Pb(Zr, Ti)Os (PMN-PZT),
Pb(ZnaNbo3)Os-Pb(Zr, Ti)Os (PZN-PZT), Pb(Ni/aNb23)Os-Pb(Zr, Ti)Os (PNN-PZT).

It was reported that PMIRT relaxor ferroelectrics exhibited high piezoelectric
constants reaching values up to 1500 pEﬁl However, the Curie temperaturk:)

of PMN-PT was low and then limits the application in the Higimperature range. On

the contrary Pb(ZnxTix)Oz (PZT) piezoelectric ceramics revealed piezoelectric
constantsdzzat 750 pC/N, and Curie temperature in the range from3280C .

PZT is regarded as one of the most widely applied-beesdd materials. In addition to

the suprior performance, PZT ceramics also possess diverse advantages, such as the
easy synthesis, low cost, variable composit@n&levertheless, there still maintain
many scientific issues in PAdased piezoelectric ceramics to be investigated
profoundly, such as softenifgardening doping features, and role of defect dipoles on

the polarizations.
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In view of the environmenrfriendly issues, undoubtedly tremendous efforts have been
devoted to leadree systems with examples of (K,Na)NbBNN), BiFeOs-BaTiOs
(BF-BT), (Bi,Na)TiOz (BNT) and so faf®|®>*4. Since these systems do not contain the

toxic Pb element and can meet the sustainable economic development, they are

considered to be promising alternatives to the conventional countdtfaftsBut in

fact, leadfree materials cannot completely replace traditional-leeskd PZT, due to
their inadequate stabilities and insufficient properties. Therefore, several approaches
were developed to improve the piezoelectric performances via improving synthesis
routes, sintering and doping processas, On the other hand, it was reported that
textural (KosNan.s)NbOs reached high piezoelectric constants at 416 pC/N with the
contribution from the orientation of grains. Lee, et al. also reportedfilead
0.6Bi1ofFer xGa)Os-0.3BaTiOs materials synthesis by the solid state method. The
phase of thissystem was close to the morphotropic phase boundary (MPB) with a
high piezoelectric constant 402 pC/N, and a high Curie temperature Aﬁa.ﬂ'hus,
properties of leadree ferroelectric ceramics can be enhances by several strategies.
For some leadree systems, doping may induce relaxation characteristics in addition
to the variation in phase structures. Meanwhilee flongrange structures of
ferroelectrics are lost and transform into strarige polar nanoregions (PN,

which ultimately results in the alteration of ferroelectric properties. In the light of this
situation, it is extremely essential to integrate phase strgcture the orientation of
grains with ferroelectric properties, and to investigate the inner mechanism for the
promoted ferroelectric behaviors.

This dissertation highlights investigations on the relation between structure and
performance by adjusting thmhase structures of PZT and BH systems by doping
elements. It also emphasizes textured {eed BRBT materials realized by the
orientation of grains and promoting the ferroelectric properties.

In the first chapter of the dissertation, a brief review the main classes of
ferroelectric materials, their dielectric features and current developments.

In the second chapter, exhaustive description of the synthetis protocols was provided.

The operating principles of diverse characterisations facilitiegshancelevant models
2
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correlating dielectric and piezoelectric parameters were discussed in details.

In the third chapter, a set of PSL(4JJ)Fe ceramics with different compositions
wassuccessfully prepared by a conventional ssilide reactive method. &h
FRQYHUVLRQ RI PDWHULDOV IURP 3VRIW" IHDWXUHV WR
through adjusting the La/Fe ratio. The influences of annealing temperature on the
microstructures, phase structures, and the performances in dielectric, ferroelectric and
piezoelectric were analyzed in details. Moreover, the polarization and the strain of
soft and hard PSL(ZT)-Fe« systems were investigated in npaled and poled
configuratoions. The pinning effect induced by dipole defBgtsvas analyzed over
spontaneougolarizationPs LQ KDUG PDWHULDOV ZLWK WKH DVVLVWI
models.

In the fourth chapter, the conventional sedidte reactive method was also employed

to synthesizeBiFe:xAlxOs-BaTiOs (BFA-BT) ceramics. By introducing Al into the

systemn, the comprehensive performance was optimized and the relevant one was
selected among all the counterparts. Phase structures and the lattice distorsions were
analyzed with respect to the enhanced polarization. M@&sbauer results were analyzed
at the atomiescale through the disorder of B sites caused By flbsituions to F&

in different systems.

In the fifth chapter, textured ledcee BiFeGa®@BaTiO: (BFG-BT) ceramics were
synthesized by the reactive templated grain growth method. Compared with the
untextured materials, the textured ones revealed substantially enhanced ferroelectric
properties. The microstructure analysis points out the emergence of nanodomains in
textured systems which contribute reduce the energy barriers for domain switchin
contiibuting then tathe low coercive field. The ratio of rhombohedral phases and the
grains orientation along <001> were responsible for the high spontaneous polarization.
The general conclusion highlights the main achieved new and original contributions
on fearoelectric systems based on new compositions and performant functional
leadfree ceramics. The perspectives are discussed notably from the expected future
practical applications ofhe considerd systems offerimggrformances and working

stability at hightemperatures.
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Chapter 1 Overview on ferroelectric materials:

structures and properties

1.1 Development and applications of piezoelectric,
ferroelectric materials

The piezoelectric effect is involved in several classes of functional materials and
consistsin the energy conversion between a mechanical stress and an electrical
activity. The manifestation of this effect in crystalline materials requires
nonrcentresymmetric structures. Depending on the role played by the mechanical
stress or the electrical kage in the process of excitatibrreaction
(mechanical electrical), the piezoelectric effect is classified into two categories,
direct piezoelectric effect and inverse piezoelectric effect.

In a similar context, ferroelectric materials are also-cemresymmetric structures
possessing polarization which exist even in the absence of an external electrical field
but can be switched under an applied voltag. For a typical ferroelectric material, its
spontaneous polarization can be altered if the temperasurecreased above
characteristic valudc, i.e. the Curie temperaturén the twenty point groups of
piezoelectric materials, only ten of them can form the polarization under the external
electric field, m mm2,4mm, 3m, 6mm, 1, 2, 3, 4, Ghus, ferroeletric materials

belong to a subclass of piezoelectric materials.

1.1.1Piezoelectric materials

The piezoelectric materials can be realized from organic or inorganic structures
possessing the symmetry requirement for the involvment of piezoresponses. One of
the popular and represnetative piezoelectric organic material, polyvinylidene fluoride

(PVDF) is worthy of interest as it was the most investigated due to its essential role in

multifunctional soft materiaIFsL8 19 For the inorganic piezoelectric materials, the well

known structures with the ABOformulae can be divided into perovskite,
bismuthlayered and tungstedoronze structures. On the other hand, depending on the

5
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needed applications, piezoelectrmaterials can be tailored as single crystals,
ceramics or thin films. The piezoelectric performance of single crystals is usually
higher than the ceramic counterparts. But the limitation from using single crystals
depends on their drastic synthesis conddi From another side, piezoelectric thin
films are well adapted for integrated microdevi@ There are also popular

pervskite piezoelectric materials, such as Pb(Mg,MBBTIO; (PMN-PT),

Pb(Yb,Nb)Q-PbTiO; (PYN-PT), Pb(Zr,Ti)Q and so forth*|?23. When processed as

ceramics, they may exhibit high piezoelectric constigsin the order of 500 pC/
while single crystals show the higls at 2000 pC/.

For the relevant applications of piezoelectric materials, the efforts deal with the
improvment of excellent temperatus@ability, highoutput displacement and
sensitivity to ensure the essential compasess filters, resonators, piezoelectric

transducers, actuators, sensors

1.1.2Ferroelectric materials

Ferroelectric domains

The microstructures of perovskite ferroelectric materials are organized in domains
with defined macroscopic polarization whem ttample temperature remains below a
critical value that is the Curie temperature. Indeed, when the sample temperature
decreases from high values, with a cubic paraelectric phase, to low temperatures
leading to a structural phase transition with the framatf a polar ferroelectric phase.

In this state, the neoentresymmetric structure leads to the formations of
ferroelectric domains with defined aligned polarization. These ferroelectric domains
can be divided into 180°domain and nd®8( domain from tle degrees of their
polarization alignment. Switching the 180°domains decreases the electrical energies
RI WKH IHUURHOHFWULF PDWHULDO DQG GLGQTW FDXVH
fields. Switching the noi80° domains reduces the mechanical eagies of
ferroelectric materials and induces a displacement under the applied electric field.
Thus, ferroelctric domains as involved for the well known BaTi&@amic shows 90°
domains in a tetragonal state. When the phase of this ceramic transforrhento t

6
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rhombohedral phase, there exists°and 109°domains. InFig. 1.1, Zhai et al.
reported thé0°domains of textured KNaNb&based ceramics with the observation
of TEM . This phases is formed by a coexistence of a rhombohedral and

orthorhombic structure.

Figure 1.1 90°domains of KNN piezoelectric materiﬁ.

Ferroelectric properties

The ferroelectric materials are marked by the particular polarizatemtric field
(P-E) hysteresis loop, which is an important feature of ferroelectric properties. Fig
1.2 shows the hysteresis loop of sladerroelectric materials. The polarization of the
materials changes with switching of domains under external electris Bsldt may

be applied inferroelectric memories. Fromigz1.2, we may notice the polarization
OD representing the saturated paation Ps while the polarization of OC stands for
remnant polarizatiorP; and situates the level of the ferroelectric performance. The
electric field OE is defined as the coercive fi&lg indicating the degree of domains
switching. As the polarizationnside ferroelectric domains exhibits variable
orientation, the overall value in the material is null. After poling under an electric field
and at high temperatures, the microscopic dipoles will realign with the direction of the
electric field. When the egtnal electric field is removed, most of spontaneous

polarization will retain the poled direction, exhibiting the remnant polarizéion
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Figure 1.2 Polarizatiorelectric field P-E) hysteresis loop and switching of ferrodiec
domains in classic ferroelectric materials.

Ferroelectrics and antiferroelectrics
Among all kinds of ferroelectric ceramics, perovskite ferroelectric ceramics are
widely applied.Fig. 1.3 illustrates the unit cell of AB{perovskite structure, where
ions at the A site or B site can be substituted by the ions with different valence and
radius. For example, by doping process, the Curie temperdit)ref(BaTiOz: can be
augmented from 120 € to 490 € via substituting Baby PIF*. Moreover, Tc of
BaTiO;s is lowered when B4 is replaced by $f or Ti** substituted by Zf or Srf*.
BaTiOs ceramics with a low doping ratios have an important influence on dielectric

and piezoelectric parameters.

Figure 1.3 Unit of lattices in ABD3 perovskite ferroelectrics.

In anti-ferroelectric materials, neighbouring dipoles align in -patiallel directions



Chapter IOverview on ferroelectric materials: structures and properties

and then not polarization is involved in the detroelectric state. Electrical
properties of ferroelectrics and afgrroelectrics hae some similarities and
differences. The smilarites are related to dielectric contants which change
significantly from an antferroelectric phase or a ferroelectric phase to the
paraelectric phase. Both of them possess electrical susceptibilities whaost tioe
CurieWeiss law in the paraelectric phase. The main difference between dedo
anti-ferroelectric materials lies in the absence of a spontaneous polarization in the
anti-ferroelectric state. However, some aetiroelectric state can transforimto a
ferroelectric state under an external electric field leading to drastic increase of the

polarization. In this case, theB curve exhibit the characteristic double hysteresis
Ioops.

1.1.3Morphotropic phase boundary

It is feasible to enhance the piezoelectric performance through synthesizing
components close to the morphotropic phase boundary (MPB). Earlier, a physical
mechanism was used to elucidate the piezoelectric performance enhancement by MPB.
Indeed, when MPB is involved, tlemexistence of two phases contribute to the the
polarization anisotropy, which is considered as the origin of the amended piezoelectric
behavio. Recent repostidentified that a monoclinic phase, located at the interface
between the tetragonal phase and the orthorhombic phase, plays an essential role in
the enhancement of the piezoelectric responses. The monoclinic phase acted as a
bridge that reduced energies of phase transition among
tetragonaimonoclinicorthorhombic phases. Furthermore, Landau free energy model
was also used to analyze the thermodynamics of MPEiginlAH. The free energy

of the MPB composition is isotropic, beimgdependent on the polarization direction.

The absence of the polarization anisotropy suppresses any energy barrier for the
polarization rotation from a tetragonal state to a rhombohedral state. Thus, the

triple-pointtype MPB has very high piezoelectrend dielectric parameters as

reported in several contribuiof$2%(271%.
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Figure 1.4 Mechanism of high performances surrounding MRBidau free enei@sﬂ.

For the leadree compound KNaNb&based ceramics, former repousderline the
piezoelectric performance by tuning the polymorphic phase transifion. et al.
performed an adjustement of the temperature of phase transition iffrdead
KNaNbSbQ-BiFeOs-Bio.sNao.sZ2rOz3 . By ion doping they succeed to shift the
rhombohedratetragonal (RT) tansition temperature to higher valu€®nversely, the
temperature of the tetragor@atthorhombic transition was also shifted to lower values.
The piezoelectric constadss about 550 pC/N was optimized at room tempera@re
However, some drawbacks remain fwresolved for practical applicatienAmongthe
limitations, we notice gradient-R boundaries, low stabilities, complex compositions,

DQG QDUURZ WHPSHUDWXUHIV UDQJH IRU WKH VLQWHULC

1.2 Role of defeets in ferroelectric ceramics

Defects can be intrinsically fromed in ferroelectric ceramics and consist in oxygen
vacancies and cation vacancies. Oxygen vacancies play a crucial role in electrical
properties of functional materials including the dielectelaxation behaviors or the
pinning effects of ferroelectric domains. As example, a small quantity of cation
vacancies can generally enhances the distortion of the crystalline strcuture and
improves piezoelectric responﬁ. Based on thistatement, several investigations

were delaing with various doping elements introduced in the host lattice in order to

10
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optimizethe piezoelectric properti¢®¥{>Y.

1.2.1Dopant effects and formation of defects

Substituting low valence ions by high valence ions can induce cation vacancies in the
materials, which has been defined as donor doping or soft doping. Beresdor

PZT systems, Phat the A site is substituted by 1aBi®*. Also, Zf** and T#* at the

B site are substituted by Rip Te*, SB*, W8, TéP*, respectively. These substitutions
form cation vacancies, for example, lead vacancies. The follofehngula illustrates

the evolution process of the defects, based dhdubstituting PH':

6T°S

fe 700t & E MEU Y «

The doping by high valence $ancreases the content of lead vacancies and enhances
the distortion of the host perovskite lattice. Cation vacancies also reduce the energy
barrier between different ferroelectric domains. Téffect enhances the mobility of
domains, and softens the piezoelectric materials. It contributes also to improve the
piezoelectric responses, and enlarges the strains induced by domains switching. In
summary, in spite of increasing mechanical losses aidatiiic losses, donor doping

enhances dielectric constants, the remnant polarization, electromechanical coupling

coefficients and piezoelectric consta@.
On the orther hand, oxygen vacancies would be produced in the crystals if higher
valence ions is substituted by ions with lower valence. This kind of phenomenon is
called acceptor doping or hard doping. The positive charges could be
noncompensatesvhen PB* at the Asite is substituted by LjNa', K*, and so forth,

or Ti** at the B site is replaced by ¥eMg?*, AI®*, Ni?* and Cr®*. In theses cases,
oxygen vacancies are ultimately produced to ensure the electric neutrality. As the
example of PZT dagd by Fé" ion, the following equation traduces the defect

formations:

AN X@ .
te 7 AL ¢ aE SEu § «
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Fe** ions doping modifies the content of oxygen vacancies in the materials. This
contribute to modulate the pi@zlectric properties and improve the practical
application of the materials in workable technologiBse oxygen vacancies caused

by the acceptor doping tend to limit the mobility of domains and suppress their
switching under an applied exterior electield compromising then the piezoelectric
responses as well as decreasing the hysteresis of the strain. The main advantages from
the acceptor doping include increasing mechanical quality factors, the high coercive
field, low dielectric constants and lossds. contributes also to decrease the

electromechanical coupling coefficient and then lowering the piezoelectric constants

36 37|

1.2.2Model of defect dipoles

In recent years, several sets of investigations have pointed out differences between the

effects of cation vacancies created by donor doping and those induced by oxygen
vacancies caused by acceptor dopifige last defects have tendency to associate with

doping ions leading to the formation of defect dipoles. The pinning effect of
ferroelectric domains by defect dipoles is much stronger than that of isolated oxygen
vacancies. On the contrary, lead vacanaypnot induce pinning effect of domains,

because it is hard to couple with substituted ions to form defect dipoles, due to the

low recombination energy about 0.04 eV.

Few decadesagg REHO HW DO SURSRVHG WKH SERXQGDU\ HIIHI
effects by defect dipol. They authors considered that the change of features in

aging ferroelectric ceramics depend on defect dipoleshmpic the domain walls,

affecting the switching of domains and polarizations. As a consequence, the samples

would exhibit doublepolarizationelectric field (P-E) hysteresis loops. But this

approach cannot be adapted to single crystals formed by singlrdowmith regard

to the double hysteresis loops remain observed after aging the single crystals. Later,

5HQ HW DO UDLVHG 3YROXPH HIIHFW  |Rtbn@ihingFW GLSRO
theory. Fig. 1.5 depicts the symmetcpnforming property for point defects in the

perovskite BaTi@ ferroelectric materialﬁ. The crystal contains & vacancies and

12



Chapter IOverview on ferroelectric materials: structures and properties

D3* acceptor finpurity ions occupying . In Fig. 1.5(a), his combination of defects
satisfies the requirement for the charge neutrality. In the cubic paraelectric phase,
there is an equal probability of finding arf‘®acancy in the neighbouring equivalent
sites (1, 2 3, 4) of the defect . When the temperature decreases down to the
formaton of the ferroelectric phase, the polar tetragonal symmetry makes the sites 1, 2,
3, 4 no longer equivalent with respect to the deféét(§te 1 and 2 are equivalent but

3 and 4are not). It follows that the defect probabilities should HeL Ly ML, M

Lg'; in accordnace with the polar tetragonal symmetry of the lasthavn in Fig.
1.5(b) These noftentrosymmetric distributions of charged defects formdékect
dipoles Pp. Electron paramagnetic resonance (EPR) experiments and theoretical
modelling suggest that defect dipol® tend to align along the spontaneous

polarization directiorPs.

Figure 1.5 Symmetryconforming propgy of point defects in the perovskite structure, (a)
non-polar cubic paraelectric state, (b) polar tetragonal ferroelectrig$fate

Defect dipoles caused by acceptor doping are indbgethe migration of oxygen

vacancies in order to minimize the Gibbs free energies of the whole system. Since a

13
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time delay is generally required for the migration of oxygen vacancies, defect dipoles
tends to arrange randomly when piezoelectric materialergoda transition from the
high-temperature paraelectric phase to the-temperature ferroelectric phase. That is,
the transport speed of oxygen vacancies cannot match with the structural transition
kinetics. Therefore, a cubic symmetry appears with i#sfme the arrangement of
defect dipoles, which is an unstable state. Nevertheless, it can be expected that oxygen
vacancies can be arranged along defined paths by applying a specific temperature to
accelerate their migration. As a result, an alignment é&twdefect dipoles and the
spontaneous polarization direction can be realized. The evolution of defect dipoles is
thus a chronic process, which is correlated to the fatigue and aging features in
ferroelectric material@.

Defect dipoles have been demonstrated experimentally notably by Robertson et al.
who observed that defect dipoles in PZT and BaEfPanged along the spontaneous
polarization by using EP@. In theFig. 1.6 (a), they found that defect dipoles could
align when samples were poled in the electric field4&0V at the temperaturef

110 €. But this phenomenon cannot be detedte&rTiOz or other materials in their
paraelectric phase shown kg. 1.6 (b).In addition, the arrangement adopted by
defects dipoles depend on the annealing method of ferroelectric materials, see for
instance the work of Keeble et @ The authors report on newly grown-é&eped
PbTiO; monocrystals which exhibit two crystallisées for F&" centers inferred from

EPR analysis indicating two distinct arrangement modes of defect dipoles.
Furthermore, after a thermal treatment at 400 € in vacuum, only one kind®f Fe
centers remains observed and implies a unique arrangemenmi fattéhe involved

defect dipoles.

14
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Figure 1.6 Defect dipoles alignment along the applied electric field for various temperatures
as determined by EPR in (a)-BaTiOs ceramics, (b) F&rTiOs ceramic.

The double FE hysteresis loop could be marked by the contribution of defect dipoles
in aging samples as illustartedkig. 1.7 in the aged Mdoped BaTiQ@ single crystal
. When the electric field is applied, the polarization increases wismgathe
electric field. However, when the electric field decreases to zero, the polarization does
not show a remanent contribution due to the defect dipoles being aligned along the
spontaneous polarization direction in aging samples. The total polamizéi
vanishing for aging ferroelectric materials. When the electric field is applied,
switiching of defect dipoles requires more delay to aling along the electric field and
then remain along the original oriantation state. With decreasing the eledttitofie
zero, defect dipoles force the spontaneous polarization to align along the original state.
The total polarization is close to zero again in the absence of the electric field. Thus,
the above analysis account for the double polarizatleatric fieldhysteresis loop in

aged samples.
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Figure 1.7 Doublepolairizationelectric field P-E) hysteresis loop of the aged Moped

BaTiOs single cryst.

The offset polarizatiomlectric field hysteresis loop could also appear in some

acceptordoping systems. As seenhig. 1.8, an internal biaslectric field is induced

inside the material, which has been defined as the bias eIectriEifféHZ. It could

be calculated by the following definitic@:
Ei=(E1tE2)/2 «

Where E; and E> are the peak field of forward and b&aard domain switching
processes in the-E loop, respectively. The derivative of the polarization to the field,
dP/dE, was obtained by using eack Roop. In order to simply the calculation, some
authors use the bias electric field Bsinduced by the an-symmetric center in the

P-E Ioop. The formation of the bias electric fieklis relative to the defect dipoles.
After aging or poling efficiently, inner defect dipolessgorone to align along the
spontaneous polarization, leading thus to the formation of an internal electric field.
When positive electric field is applied along to the the bias electric field
contributed to the polarization and strain. On the conttiagybias electric field would
prevent the rotation of domains if a converse electric filed is given, resulting in the
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low polarization and strain. On this basis, the applied exterior electric filed results in
the offset hysteresis loop. Zeng et al. regbtteat the bias electric field was larger

with the increasing poling electric field in PZT ceramics, indicating that the amount of
aligned defect dipoles became hig@. It was testified thaE correlates to the
alignment of defect dipoles. The occurancé&iagnhances the stability of ferroelectric

domains, resulting in the high mechanical quality factor of matls

Figure 1.8 Offset polarizatiorelectric field P-E) hysteresis loop.

1.3 Diffused transition in ferroelectric ceramics

Several reports have showhat the dielectric spectra of some ferroelectric materials
exhibit broad features when the sample temperature varies around a given critical
value that is the transition temperature. The broadening of dielectric peak around the
crticial temeprature isntimately related to diffused nature of the phase trans{@)n

. This behavior can manifest on the dielectric function broadewitty different
strengths depending on the materials features. Structural or composition disorder are
among the parameters which perturbe the long range order of the underlying

structures and induse a diffused phase transition.

1.3.1 Structural features ofrelaxor ferroelectrics

The relaxation processes are defined by the mechanisms involved in a macroscopic
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system when transferring from one thermodynamic equilibrium state into new ones.
This process is driven by the energy exchange between differentstructares.
Whether in macroscopic or microscopic perspective, this transferring process always
need a certain time delay to reach a new stable state. The dielectric behaviors in
relaxor ferroelectrics show the features of a diffused phase transitionfegiancy
dispersion . The characteristic peak which manifest for the
ferroelectricparaelectric transition tends to expend during the diffused phase
transition. For the frequency dispersion, it means that the peak of dielectric constants
and losses shifts to the highemntperature with increasing frequenciésis worth

noting that, the relaxation processes are not representative of the phase transition, but
correlate with the changes inside special microstructures.

Polar nanoregions (PNRs) are one kind of the mostaygiructural features of PMN
relaxor ferroelectric, which is correlated to dielectric, ferroelectric and piezoelectric
properties. Li et al. pointed out the structural characteristics of relaxor ferroelectrics
with different temperatures, as shown kig. 1.9 . PNRs emerged in the
paraelectric phase of materials below Burns temperdiig), which resulted in the
polarization changeWhen the temperature decreases down to the depolarized
temperaturdy, the PNRs with smaller sizes can rapidly grow to larger ones and their
number is thus reduced. Further decreasing the temperature Tglthe sample is

filled with long-range ferroelectric domains, being indicative of classical ferroelectric
materials. Due to the low size and high active feature, the ceramic exhibits excellent

electric property at the temperature n€éar
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Figure 1.9 Chaaderistics of mictrostructural, maroscopic dielectric and ferroelectric

properties in relaxor ferroelectri

1.3.2 Dielectric behaviors of relaxor ferroelectrics

In Fig. 1.1(a), the temperature dependence of dielectric constants of alassic

ferroelectrics obeys a Cufi#eiss law. The definition is as foIIov@:

5 i?
- L
Ya

«

Here, C is the CurieWeissconstant, a is Curie temperature. By contrast, dielectric
constants of relaxor ferroelectrics exhibits strong deviation frome@\eiss law

shown in Fig. 1.1(®), obeying the revised Cufi&eiss law. The equation is as

follows Iﬂ:

«

Where, ¥, means the maximum dielectric constai®}, means theemperature at
the maximum dielectric constar@,is the CurieWeiss constant, means the diffused

degree in the range of 1 to 2. As for classic ferroelectrigs, 1. As for relaxor
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ferroelectrics, is more than 1. There is no structural phase transitr optical

anisotropy acros$n in relaxor ferroelectrics.

Figure 1.10 Dielectric properties of (a) classic ferroelectricities and (b) relaxor
ferroelectricities.

Different possibilities for dielectric constants versus gemtures in relaxor
ferroelectrics are shown fg. 1.11. In the rangeTg, Tm] the dielectric constants
follow the revised CuridVeiss law and exhibit a strong frequency dispersion. The
nonergodic relaxor (NR) is formed below the freezing temperaiyeHig. 1.11b)
shows the temperat dependence of dielectric constants of relaxor ferroelectrics
with a diffused relaxeto-ferroelectric phase transition. The ergodic relaxor is formed
at the rangeT[c, Tg]. The dielectric constants show a continuous variation adi©ss
and the ferroelgdc phase is formed belowe. Fig. 1.11c) illustrates the dielectric
properties of relaxor ferroelectrics with a sharp relawderroelectric phase
trangtion. Different from kg. 1.11b), the delectric constants ini§. 1.11c) change

incontinously arossTc.
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Figure 1.11 Different possibilities for the temperature evolution of dielectric properties in
relaxor ferroelectricities, (a) canonical relaxor, (b) relaxor with a diffuse retaxor
ferroelectric phase, (c) relaxaith a sharp relaxeto-ferroelectric phas.

1.4 Electric field-induced strain of ferroelectric ceramics

Inorganic ferroelectric materials are able to extend or shrink if a certain press or

electric field is applied. The relation between the strain and the applied electric field is

given béaow:
It GuwE3uyes cE® «

Here i, j, k, 1 =1, 2, 3 G, ¢ tepresents the piezoelectric coefficier8y; y pstands for

the electrostrictive coefficient. Higher order effects are small and therefore were
omitted. Fig. 1.12 shows the strain in classic ferroelectric ceramics, which is in the
butterfly-pattern under the external electric fie@. The AG range means the
negative strain. GEEHC and HA parts show the sitive strain. Electric fieldnduced
strain in ferroelectric materials results from the inversive piezoelectric effect,

electrostriction, switching of neh80°domains and so forth. If there is a phase
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transition for ferroelectric materials under the #iecfield, it will also contribute to

the strain.

Figure 1.12 Bipolar strainelectric field G-E) loop ofclassicferroelectric materials.

1.4.1 Inverse piezoelectric effect

The inverse piezoelectric effect reflects the dispment induced by the distortion of
lattices when positive and negative charge centers in the ferroelectric ceramics align
with the applied electric field. The inverse piezoelectric effect exists with the direct
piezoelectric effect together. The stras proportional to the electric field for the

inverse piezoelectric effect, the equation as follﬁs
5L @' «

Where, d means the internal piezoelectricetiicient. As for classic ferroelectric
materials, strain and the electric field meet the linear relation only in the low electric
field, indicating the internal piezoelectric response. When the applied electric field is
increased, switching of domains IMihduce the external piezoelectric response and

broaden strain hysteresis may.

1.4.2 Electrostrictive effect

Electrostriction is a secondary coupling effect represented by a quadratic relation
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between strain and electric field intensity. The strain froenelectrostriction effect is

traduced by the following equati@:
5 L 3772,° L 377% 7" © « 8)

Where 3;; represerd the electrostrictive coefficient, is not related to phase
structures of ferroelectric materials, but closely related to the degree of cations
arrangement within materials. In general, the electrostrictive coefficient appears lar

in relaxor ferroelectrics compared to classical ferroelectric materials. As an example,
PMN-PT relaxor ferroelectrics have large electrostrictive coefficients reachidg 10
m*C? and then contributing to larger strai@. Ferroelectric materials with large
electrostriction coefficients have fast responses to the applied electric field and show

tiny hysteresis loops.

1.4.3 Electric fieldinduced phase transition

Crystal distortions occur when external electric field induces a phase transition in
ferroelectric structures, which can further generate strains. This process is called the
electric fieldinduced phase transition and can be classified into reversible and
irreversible oneThe reversible process represents the materials that can recover to
their initial state even when the applied electric field is removed. The irreversible
electric fieldinduced phase transition takes place in the beginning if an external
electric field is applied. After an initial stage, since the phase of materials has already
been altered, an additional electric field didnt cause further effects in the material. The
reversible process occurs in relaxor ferroeleatl&ssical ferroeledatr,
ferroelectricferroelectric (such as rhombohedtetragonal, tetragonahonoclinic),

and antiferroelectriderroelectric electric fieldnduced phase transition. It has been
found that reversible process can also be induced in textured KNN fernoelectr
ceramics under an external electric field, showhRig 1.13. In the poling process,

the intermediate Monoclinic (M) phase serves as a bridge which feaslithe

polarization rotation between the rhombohedral (R) [didid orthorhombic (O)
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[101]o polar axes, leading to the enhanced piezoelectric respsé’shis material

show structural phase change fronORphases to O phase under the electric field. As

WKH 30" SKDVH LV XQVWDEOH LW GLVDSSHDUV XQGHU
field-induced phase transition makes the sample easier to be poled and then

cortributing to larger strains.

Figure 1.13In situsyrchrotron Xray diffraction patterns of (a) untextured and (b) textured

5]
2]

KNN ceramics under various electric fie

Moreover, the strain value induced from the transformation of arfearndelectric to

a ferroelectric phase is tremendously higher than that caused by pure inverse
piezoelectric effect or electrostrictive effect. Fi§.14 correlates the electric
field-induced strain of PbNbZrSnTireramics, where the strain value achieves its
maximum of O.3fV. This kind of electric fieldnduced phasé&ansition is usually
accompanied with the emergence of memories. It means, the ferroelectric state can
still be retained and it cannot recover to the initial-famioelectric state even though

the applied electric field is canceled. This special feewigk state can only be wiped

off through applying an extra low electric field. The larger strain stemming from the
anti-ferroelectric phase to the ferroelectric phase makes this kind of materials being

promising to apply in actuators.
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Figure 1.14 Electric fieldinduced strain of phasghangdPtNbZrSnTiGs material.

1.4.4Contribution of non-180%erroelectric domains

Switching of nor180° domains could contribute to a large electric fieidduced
strain due to the exchange of requal crystallographic ax@. Such strain may be
one or two orders of magnitude larger thanghwll linear strain stemming from the
inverse piezoelectric effect. When the electric field is not high, somel®dh
domainscanrecover to the initial state after removing the electric field, which are
called the rotation of reversible nd80° domains In contrast,some nonl80°
domains cannot recover tbeir initial statedue to thelarge angle othe rotation,
which arecalledasthe irreversible noi180°domains. These two kinds of net80°
domains both increase the strain of materials. The fonmceeaseshe hysteresis of
strain, while the latter redudg prone to reduce.itn the acceptedoping ferroelectric
materials, inner defect dipoles could influence the rotation of ferroelectric, especially
nont180°domains. Defect dipolef the unpoled materials would pin the rotation of
non-180°domains, resulting in the low electric fieidducedstrain. Defect dipolem

the poled materialsarealignedwith the electric fieldwhich establistaninternal bias
electric fieldE;, resulting in the offst bipolar strain and polarization. It was explained

in Chapter 1.2.2.

1.5 Texturing of ferroelectric ceramics

Texturing is a process that makes the polycrystalline grains growing along a specific

orientation. In textured ferroelectric ceramics, the intcedl anisotropy by the
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preferentiel orientation improve the ferroelectric performances as hereafter

summarized.

1.5.1 Performances in texturation ferroelectric ceramics

In view of the rapid progress of the technology needs, piezoelectric performances are
currently subject of improvments. The piezoelectric effect is highly correlated to the
crystal structure where the anisotropy is involved and ensures optimized piezoelectric
responses being privilegied along specific orientation. The use of single cigsial
effective way to upgrade the piezoelectric parameters but the critical conditions
required for their synthesis limit their application. An alternative approach to compete

with the performances of single crystals can be devoloped by using textuascics

55{ 56

In the 1970s, a first report was dedicated to the observation of the anisotrop@4n Al
ceramicsby using the electronic microscope technique. One decade later, Matsuzawa
et al. reported the anisotropic growth of single crystals with the templated grain
growth method. The process was performed by incorporating the crystal melt with
SFU\V WD O indhicd @&xidtiol/ iR growing velocity on different crystalline facets
. By iQWUR G XFL@I30y/dgsding,\ Brandon et al. prepared texturedAl
ceramics with the advantages of thermal and seismic resist@ceﬁn the other
hand, the template grain growth method (TGG) was also exploited to synthesize
textured ceramics, which was applied as a patent by Messing@. dlhe authors

have used this method to synthesize PMNT textured ceramics possessing skperior
up to 1150 pC/N, i.e.1.2~1.5 folds higher than the normal cqlmte. Thus,
texturing has been considered as an effective solution to enhance the behaviors of
ferroelectric ceramics.

From then on, TGG have been improved byeotgroups and succed to realize several

excellent textured ceramics, suh aso@Biao.5) TiO3-(Bio.5sKo.5) TiO3, CaBisTisO15 and

Bi4TizOr2 textured ceramic$%3. In 2004, Saito et al. prepared highly performant

<001> KNaNbQ@ piezoelectric ceramics by using RTGG method together with
doping, and exploiting the perovskite pkitee NaNbQ templateﬁ. The modified
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ceramic exhibits piezoelectric constaht at 412 pC/N, being almost equivalent to
the PZT systems. By using the RT@t&thod, the synthesis bfao sBio.sTiO3 BaTiOs

as textured ceramics improve the piezoelectric condtabeing twice higher that the

use of the conventional solgtate methodThe microstructure for the textured
ceramics was also analyzed by using TEM and AFM. Yan et al. performed a work on
Mn doped <001> Pb(MgNbz3)-PbZr&-PbTiOs systems, which revealed the
piezoelectric constardss at 750 pC/Nﬁ. A superiordsz value at 1000 pC/N was
achieved in <001> Pb(MgNDb2/3)Os-PbTiGs textured ceramic@. It is worth noting

that BaTiQ templatesvhich were used in the ratanly limited at 1%, induce a high
orientation of 98%. Recently,ds value of 824 p@N andkp of 0.81 was determined

on <001> Pb(In2Nb12)Os-Pb(Mga/aNb23)Os-PbTiO; ceramics with the use of
BaTiOs templates. This important progress on piezoelectric properties underlines that
textured ferroelectric ceramics offer a promising competiorthe performances of
ferroelectric single crystals. However, a crucial drawback lies in the Curie
temperature which remains relatively low. Yan et al. prepared RbiE€ured
ceramic with a high Curie temperature of 364€ bdis was found to be less than

100 pC/N. The current achievement on textured ferroelectric ceramics suggests that

this route is still far from practical application.

1.5.2 Characteristics détemplates

The two basic requirements for templates in TG procas consist ir{1) platelets
or spiny structures and (2) the pure phase of templates. @hisatropic BaTi@

templates with pure phase can be obtained by optimizing the experimentatizas

such as annealing temperature, washing times, reactiv¢’t Pﬁie

BaTiOs templates are prepared by the topochemical reactive method. In this approach,
Bi2Os reacts with TiQ to form the precursor BlizO12 with Aurivillius perovskite
structures. Fig. 1.15 illustrates the process from the precursdiz@i> to the
realization of BaTi@tempIate. In the first stage, the perovskite phase forms by
nucleation on the precursor4BizO12 surface. The growing perovskite crystallites d

not maintain epitaxy with the precursor phase, and slightly misalign from the
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Aurivillius parent structure. This process is topotactic and is completed with a short
time less than 30 min. In the second stage, the aligned crystallites from the first stage
recrystallize and sinter to form dense perovsghiase platelets. This process holds

for a long duration about-@ hours. If the recrystallization is correctly achieved, the
perovskite platelets may be single crystals. Alternatively if an initial mrsakgnt
occurs when forming the perovskite structures, the final platelets may be

polycrystalline with the high anisotropy.

Figure 1.15 Schematic of preparing BaTi@emplates with the topochemical conversion
reactiort®.

The ceramic powders are called matrix in the grain growth process. According to the
correlation between templates and the mathg,templates can be classified into two
distinct kinds, similafeature templates and differeigature templates.
Similar-feature templates have the same components, phase and the similar lattice
parameters as for the matrix. Simifaature templateshare the same composition
and crystal structures with the matrix in the grain growth process. In this case, the
grain growth obeys the Ostwald Ripening mechansgmwn in Fig. 1.16which
means that the larger grain growth depends on the exhaustion dérsmatrix
crystals. While for the differefeature templates, there is a difference in the

composition between templates and the matrix, but their crystal structure is the same
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or the lattice parameters are similBine nucleation of the matrix can taidace on the
surface of templates as an epitaxial mechanism. With the matrix growth, its
morphology tends to align with the templates in order to achieve the texturation. In
general, textured ceramics prepared by sinsteuctures templates may show highe
piezoelectric performances, although their application is limited. Note however, that
the usual templates used for inorganic ferroelectric ceramics consist in BaTiO

SrTiOs, or NaNbQ compounds. The precursors of BaJi@mplates are Bli3O1o,

BaBisTisO15 || while SrBiyTi4O1sis used for SrTi@tempIatesﬂ. The precursors

of NaNbQ templates are NaBiosTiOz andBiz.sNag sNbsO1s |3 74.

Figure 1.16 Model of Ostwald ripening

1.5.3 Reactive templated grim growth method

Fig. 1.17 is the schematic mechanism for the preparation of textured ceramics by the
reactive templated grain growth metl-@l. In prior to the synthesis, templates must

be chosen in function of the nature of theaceics. In the first step, the matrix density
increases rapidly limiting the porosity and then reinforces the contact between the
matrix and the templates. Meanwhile, thesitu reaction between templates and
matrix takes place to produce the solid solutim the second stage, the templates
grow rapidly by consuming matrix, where the growing velocity along the thickness is
faster than that along the lengthwise direction. Cubic crystalline grains are finally
obtained based on this routine. However, thenvgrg velocity tends to be reduced
when boundaries in templates intersect. The templates are grow further by gradually

consuming the matrix. Ultimately, textured ceramics along the orientation of
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templates are obtained by letime sinterin.

Figure 1.17 Schematic illustration of synthesizing textured ceramitls the reactive
templated grain growth method.

1.6 Advances in ferroelectric ceramics

The ferroelectric ceramics can be classified into-le@ttained and lead free species
with respect to their compositions. In this section, an overview on the advartbhes

area ferroelectric ceramics is outlined on these two systems.

1.6.1 Advances in leatbased ferroelectric ceramics

Pb(Zr«Tix)O3 (PZT) ceramics are the most commonly applied ferroelectric materials.
Among all the counterparts, Pb(4Tix)Oz systens revealed for instance the best
performance with the composition »f N 0.48 where the MPB occurred. Generally,

ion substitution, binary and ternary combination are developed to promote the
properties of PZT ceramics. Among all the doping systems, (REAE)Os,
(Pb,Sn)(Zr,T)Q, (Pb,Ba)(Zr,Ti)Q, Pb(Zr,Ti, Sn)Q are relevant material8inary and
ternary combination is also manifested to be an adequate solution to enhance
piezoelectric properties of PZT based ceramics. Many reports were focused on the
composite materials of Pb(MigNb2/3)Oz-Pb(Zr, Ti)Os (PMN-PZT), Pb(ZnrsNby/3)O3 +

Pb(Zr, Ti)O;s (PZN #£ZT), Pb(Ni/sNbo3)Oz £b(Zr, Ti)O; (PNNZT). It was reported

that PMNPT relaxor ferroelectrics presented relatively high strain and piezoelectric

constant,for doped samples with ragarth element Sm that exhibitelds at 1500

pCIN 2878, Nevertheless, the loWic and instability at high temperature suppressed

its application under high temperature conditi@ampared with leaffee BaTiQ
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ceramics, the leadontained PZT ceramics show approximately double piezoelectric
constants and exhibit a better higimperaturestability. The advantages of PZT also
reflect the difficult depolarization at high temperatures. Therefore, PZT ceramics

dominate in the field of piezoelectric ceramics.

1.6.2 Advances in leadree ferroelectric ceramics

With the intensification of peopk'awareness in environment issues and to meet the
requirement of sustainable development, a great interest has been devotedreelead
ferroelectric ceramics. The common known ldask ferroelectric ceramics include
KNaNbQO:; (KNN), BiNaTiOs (BNT), BaTiO: (BT) and bismutHayer leadfree
systems. The former three systems have already showed relatively high ferroelectric
properties. Different from leadontained ferroelectric ceramics, the aboventioned
leadfree systems still possessing disadvantagesh s high coercive fields, low
density and so forth. In order to address these limitations, many efforts have been
done in addition to sintering optimization, tdeping and modification of synthesis
protocols . Leadfree 0.96(Na s o.4g)(Nbo.9sShy.05)O3-0.04Bi 5(Nao 9K 0.18)0.52rOs
product synthesizeby Wang et al. show a high piezoelectric constant andTigat

490 pC/N and 227 C, respectivel@. On the other hand, based on a previously
reported work in  Ba(bisZro.2)Os-(Bao..Ca3)TiO3, leadfree materials on
0.6Bi1ofFer xGa)0s-03BaTiO; were prepared by Lee and -wmrkers via the
traditional sold-state method and appropriate annealing. In this work, the phases of
the samples close to MPB exhibitlzz coefficient surpassing 400 pC/N amd over

300 € E“j This result attracted the interest to the BiFe&B&TIOs leadfree
systems where Ga doping can be used to adjust the lattice structure. The obtained
ceramics presented a tetragonal phase with adiglh ratio and exhibited both high
piezoelectric constant antdic as well. Thus, leaftee ferroelectric ceramics are
environmendfriendly for concrete applications and can meet the concept of
sustainable development. Therefore, it is of great societal andifscigighificance to
further exploit and investigate ledicke ferroelectric ceramics to achieve higher
performances for innovatiiechnologies
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Chapter 2 Experimental procedures and

characterization techniques

2.1 Processing of PZT and BiFeAl@BaTiOz ferroelectric
materials

In this dissertation, PZT and BiFeAd®aTiOs: ceramics were prepared by the
conventional soliestate method. The steps of the synthetic route are providéd.in

2.1, and the used chemical components are preseni@bir?.1. Tle raw materials
were precisely calculated according to the stoichiometric ratio. Then powders were
treated with calcination, pressing, sintering in series to obtairdgghkity ceramics.
After that, the microstructure and physicleemical features were @gzed along with

the involved mechanism leading to the observed properties.

Figure 2.1 Syntheic procesf preparing?ZT andBiFeAlOs-BaTiOs ceramics with the
solid-state method.
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Table 21 Chemi@l components for preparif® T andBiFeAlOs;-BaTiOs ceramics.

Chemical

components Categories  Purity Place of production
PlsO4 AR 99% Sinopharm chemical reagent compan
SICGs AR 99.95% Aladdin chemical reagent company
LaxOs3 AR 99.99% Aladdin chemicateagent company
Zr0O; AR 99.84% Tianjin oumi chemical reagent compar
TiO; AR 99.48%  Sinopharm chemical reagent compan
FeOs AR 99.9 % Aladdin chemical reagent company
Bi»O3 AR 99.70%  Sinopharm chemical reagent compan
Al0s AR 99.5% Sinopharm chmical reagent company
BaCQs AR 99.8% Sinopharm chemical reagent compan

Shanghai lingfeng chemical reagent
CH3CH-OH AR -

company

For a completed synthesis route, detailed experimental parameters are provided
below:

(). Dry raw materialsAll raw materials were thoroughly dried at 12D for 6 h to
evaporate adsorbed water.

(2). Weight:All raw materials were carefully weigheatcording to thetoichiometric

ratio.

(3). Ball milling: The mixtures were ball milled for 10 h at 350 r/min.

(4). Pressednto bulk: The obtained powders after milling were subsequently pressed
LOQWR WKH EXON ZLWK - PP

(5). Calcination: The resultant bulk was heatéthetarget temperaturi®r 2 h witha
partial solidstate reactionThe ramping ratevas4 €/min.

(6). Bal milling for the second time.

(7). Pressed into pellet$owders were mixed with 8 wt.% PVA, and then were

34



Chapter ZExperimental procedures and characterization techniques

pressed intoGLVNV ZLWK - PP

(8). Remove organics: Disks were treated at 550 € for 6 h to eliminate the residual
PVA with a very slow heating ta (0.5 €/min).

(9). Sintering: The disks were sintered at a given temperaturelfdo Zchieve high
densities.

(10). Coated electrodeThe ceramics after sintering were then purified and
characterized for phases and microstructures. If electric meassoit® need to be
performed, the ceramics had to be processed into uniform size with the thickness of
0.8 mm, which were subsequently ultrasonically cleaned and coated with Ag layer
acting as electrodes.

(11). Silver electrode firing: An extra thermal tre&int was necessary at 720 € for

30 min to burn out the useless organics in silver electrodes.

(12). Poled: In order to obtain piezoelectric parameters such as mechanical quality
factorsQm, electromechanical coupling coefficigfy, the ceramics had to Ipeled in

the DC electric field. During the poled process, samples were placed in silicone for

protection. Thesamplewaspoled atl00 € for 30 min.

2.2 Processing of BaTi® templates and textured
BiFeGaOz-BaTiO3z ceramics

BaTiOs templates were first syrekized by threstep molten salt methods, which was
then incorporated into the textured BiFeG&&aTiOs ceramics via tape casting. The
exact synthetic route is provided kiig. 2.2, and chemical components are presented
in Tab. 2.2. In prior to the prepdi@n of templates, the raw materiale&re precisely
calculated referring to the stoichiometric ratio. The textured materials prepared by the
reactive template grain growth method. After that, the microstructure and

characteristic parameters were analyzedl @mpared to the untextured ceramics.
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Figure 2.2 Process of synthesizingcturedBiFeGaQ-BaTiOs ceramics.

Table 22 Chemical components fareparingtexturedBiFeGaQ-BaTiO; ceramics.

Chemical Categories  Purity Place of production
components

Bi2O3 AR 99.7%  Sinopharm chemical reagent compa
BaCQs AR 99.8%  Sinopharm chemical reagent compa
FeOs AR 99.9% Aladdin chemical reagent company
GaOs3 AR 99.48% Sinopharm chemical reagent compal
TiO; AR 99.48% Sinopharm chemical reagent compal
PVA AR - Sinopharm chemical reagent compal

Guangzhou Shenzhou optiedkctric
Organic binder - -
company

Shanghai lingfeng chemical reagen
CHsCHOCH:CHs AR -
company

For the completed synthesiopedure, the different steps are as follows:
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(2). Firststep molten salt reactioStoichiometric BiOs and TiQ were homogenized
with NaCI/KCl in equivalent weight using an agate pestle and mortar. The reaction
mixtures were then loaded into an oven tmeal at 1120C for 1 h. Sheetike
Bi4Ti3012 precursor was subsequently obtained through the following equation:
R.GOG]j

t 6 7 Eu <p Jouedt. < <7 56 «
(2). Secondstep molten salt reactioStoichiometricBisTizO12 precursor and BaC)
TiO2 reactants were mixed homogeneously VBHCL/KCI in equivalent weight prior

to the reaction. The mixtures were then annealed at 806r 1 h to prepare

BaBisTi4O15 precursor, as detailed below:

F.Gj>0G]j

(3). Third-step molten salt reactiorAs-obtained powders were washed to isolate
BaBisTisO15, which was subsequently homogenized with Ba@@d the reactants
were heated t850 € for 3 h, with the incorporating of KCI in angeivalent weight.
After the reaction, shed¢ike BaBisTisO1s was transformed into [00d]oriented
BaTiOs (BT) template that still retained sheet feature. The reaction equation is

presented below:

0Gj
f € « s0EU f ;1 VvV f «<;EU gEt ¢ 7 «

(4). Dry raw materials \ weight \ Ball milling \ Pressed into bulk\

Calcination \ Ball milling in the second time. Routines in details refer to the

Chapter 2.1.

(5). Tape casting: The obtained BfB3 powders werdhomogenized with 5 wt.%

BaTiO: ZLWK RUJDQLF VROXWLRQ 7KH PL[WXUHV IRUPHG WK

through the tape casting subsequently with the velocity of 0.5 m/min.
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(6). Pressed into disk&hen the film belt was dried, it was further cut, stacked and
positioned at 3 € for 30 min under 70 MPa. After these treatments, sampleew
stacked again and tailored inGLVNV ZLWK - PP

(7). Remove organics Sintering \ Coated electrodes Silver electrode firing.

Routines in details refer to the Chapter 2.1.

2.3 X-ray diffraction (XRD)

XRD (X-ray diffraction) technique can be used to characterize crystal structures of
ferroelectric materials. In this dissertation, two kinds of XRD experiments were
performed based on Rigaku D/max 2550 V and EmpyRearalytical. The former

was used for analyzing normal phase structures, whereas the latter was utilized to
refine crystal parameters. As for EmpyreéRanalytical, the wavelengths of Cu= s

and Cu =twere0.15406 and 0.15444 nm, respectively. The working voltage was
40 kV with the current of 30 mA, and the scanning rang® {2as from 20100°at a

rate of 14 fmin and step length of 0.02°When the incident Xray with the
wavelength Oirradiates the crystalline sample, the diffraction by the crystallographic
planes (hkl) occurs according to the Bragg relatio@p e < ¢a; L JaQ The XRD
pattern is composed by the diffraction lines associated to the (hkl) planes of the
crystaline structure as function of the angke between the incident direction and the
crystallographic planes. Different programs are used for the refinement of the XRD
patterns such as MAUD (Materials Analysis Using Diffraction) which is based on the
well-known Rietveld method. The simulations of the diffraction patterns give the
relevant structural parameters such as the space group, the unit cell parameters, the
co-existence of phases, crystalline quality.

For the textured ceramics in this thedise degreeof orientationof grains was
determined from the XRD pattern by Lotgering method. The Lotgering faasor

defined as the fraction of textured areas. The formula is as fci@ws
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44 . , :
Apfsaz“ L AA:0pR «

wherel andlo are intensity of the diffraction lines (hkl) of textured and wnieed

specimens, respectively.

2.4 Scanning electron microscopy (SEM)

Scanning electronic microscopes (SEM) of KY4&¥3200 and Carl Zeiss Auriga 60

were employed to measure the morphologies of the samples. Aay X
energydispersive spectrometer (EDS) mounted on the SEM was used to analyze the
distribution of chemical elements. During the working process, all the electrons are
first provided by an electron gun and then converge inRnXross point under the
function of accelerating voltage. The electrons are subsequently focalized by moving
through electromagnetic lenses and the resultant electron beam is then focused on the
surface of the sample with diameter of-3.5im By scanning the electron beam on

the sample surface through a coil in the scanning apparatus, another coil is also
sweeping snultaneously the screen. The secondary electronic information can be
received by a detector which transformed the electronic information into visual spot
with certain brightness. Based on this process, the surface features of the sample are
proportionally presented in observable information such as surface state of the
sample.

In addition to the conventional equipment, SEM can be also equipped with highly
effective suspension system to avoid the disturbance from environment. The gun pipe
is made of tungstefilament, and the accelerating potential used here is 30 kV. The
magnifying power can be adjusted from 5 to 300000, and the SEM contains three
kinds of working manners, including composite mode, morphology mode and shadow

mode.

2.5 Transmission electrormicroscopy (TEM)

High-resolution transmission electron microscope {HEM, JEOL ARM200F with
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the working voltage a00 kV was employed to observe the morphology of domains

In a typical experiment, the electron gun launches electron beam which thes passe
through collecting lens and irradiates on the sample surface. The electron beam can
pass through the sample and the information is then imaged on the screen with the
assistance of objective lens. For the operation of selected area electron diffraction
(SAED) characterization, selected gratings with differences in apertures are used to
choose target area that are subsequently irradiated by parallel electron beam to acquire

information on the lattices.

2.6°Fe M Fsbauer method

>Fe M ‘¥sbauer spectrospy is a versatile technique which provides precise
information about chemical, structural and magnetic properties of a material. The
technique is based on th@ay emission by a source and its absorption by the
investigated sample and this process cahkiwWH WR FUHWDMWEBD XWKHHIOHFW'®
During a typical M'§sbauer experiment, transitions are induced between the nuclear
energy level of isotopes through the process of emission and absorpti@rags. If
emitting and absorbing nuclei are in ideatisites with isotropic environment, the
transition energies are then equivalent and a single line is able to be observed in
M ‘§sbauer spectrushown in Fig. 2.3However,in most cases, the environment of

the nuclei in samples is different from the smurThe hyperfine interactions between

the nucleus and its environment will change the energy of the nuclear trariEition.
detect this phenomenon, it is necessary to change the ener@agf in the source.

By the uses of the Doppler effect and an oscillating source, the ener@agfs can

be modulated precisely in the ¥sbauer spectrosco.
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Figure 2.3 M ‘§sbauer spectrum with a single absorptione

Typically, there are three methods to modfyergy levels in the absorbing nuclei by
their environment: the Isomer Shift, Quadrupole Splitting and Magnetittisy.
Based on these method$yperfine interactions between samples and their
surrounding environment can be analyzed profoundly by th&bauer spectroscopy.

In this dissertation, M§sbauer spectrum was used to analysis the structural disorder

of Fe** at the B site in BiFeAl@BaTiOs systems.

2.7 Ferroelectric measurements

The ferroelectric measurements were carried out by the ferroelectric analyzer
(aixACCT TF2000) equipped with exterior heating apparatus and laser accessories.
The polarizationelectric field (P-E) hysteresis loop can be measured by the
SawyerTower circuit by the ferroelectric analyzer. The schematic testing circuit for
hysteresis loops is depicted Fig. 24. During the test, an exterior potentialviks
applied on the specimeC; which was located between two horizontal plates. The
linear capacitor €with the relative high capacitaneeas mounted in series withyxC

The polarizationwas thus proportional to electric filed and the measurements are
made by using the oscilloscopecluded in the circuit. By using this method, the

polarization was recorded versus the electric field.
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Figure 2.4 Measurement circuit of polarizatiadectric field P-E) hysteresis loops.

The ferroelectric sampleas prepolarized by measuring a complete hysteresis. Then
the excitation voltagevas kept constant for the relaxation time at a particular voltage.
The relaxedquastistatic polarization wa determined by driving the capacitor into
saturation and recording the curt@esponse. By integrating the current response th
desired relaxed polarization wecalculated as shown iRig. 25. After cycling
through a complete hysteresis once again to ensure the same initial cordéion
excitation signal wa stopped at the nexoltage for the relaxationme. The relaxed
polarization wa determined again as debexii above. The whole procedureswa

repeated until a compkeguasi static hysteresis loopsva&corded.

Figure 2.5 Typical polarizatiorelectric field P-E) hysteresis loop and the excitation signal
before measurement.
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Theelectric fieldinducedstrainwas acquired through controlling the displacement of

the sample via the laser measurement with a precision down to at 0.01 nm. When a
pulsed electric fieldvas applied on the surfaces of the sample, the dispiant of the
specimen variewvith the electric filed. It exhibédthe bipolar strain when the bipolar
electric field was applied. Generally, the bipolar strain of classic ferroetectri
materials is symmetric about theaXis. In contrast, when the unipolar electric field

was appliedjt representethe unipolar strain.

2.8 Dielectric measurements

2.8.1 Hightemperature dielectric system

The hightemperature dielectric system was usecestimate dielectric constants and
losses of the prepared samples from rdemperature to 700 €. Such a system is
built in Xi'an Jiaotong University and the main components include impedance
analyzer, temperature controller, oven and the computeropbleting frequencies
were focused on 0.1 k, 1 k, 10 k, 100 k and 1000 kHz. Upon characterization, the
dielectric constanivas then calculated by integrating the capacitance into the equation
provided below:

8Y4¢

X+

% L=0L «(2.5)

Where @ represents permittivity of vacuum with the value of 8.854%.8/m. C is
the capacitancd,andd are the thickness and diameter of the sample, respectively. S
indicates the area of the cerarpellet. In a typical calculation process, the thickness

and area of all samplegereadjusted to the same for better comparison.

2.8.2 Novocontrol broad band dielectric impedance spectrometer

The dielectric characterization was carried out in a NovocbrBrmad Band

Dielectric Impedance Spectrometer. This system can be used in a wide temperature
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and frequency ranges to evaluate dielectric constants from impedance measurements.
The temperature of the system was rated by usindiquid nitrogen, and it cald be

ranged from150 € to 300C and the frequency range can be froni?1@ 10’ Hz.

There are dferent analyzers in Novocontrol Broad Band Dielectric Impedance
Spectrometer. Among thenthe Alpha analyzer Fig. 26) provides the basic
functionality n order to operate all measurement interfaces. The setup is composed by
the Alpha Analyzer mainframe, sample holder and Active Sample Cell ZGS. Active
Sample Cell ZGS includes a sample cell with two parallel electrodes configuration for
dielectric, condudvity and impedance measurements on materighe system i

useful tool to analyze dielectric properties of ferroelectric ceramics.

Figure 2.6 Setup of Alpha analyzer on the electric measurement

2.9 Piezoelectric measurenrgs

The spontaneous polarization of ferroelectric materials is isotropic before polarization
and the total polarization era However, after poled, ferroelectric materials exhibit
finite polarization. Fig. Z depicts the piezoelectric vibrator and tt@responding
current curve as function of the frequency which exhibit maximum and minimum
value at characteristic frequencigsThe schematic RLC equivalent circuit with
resonance and ar@sonance frequencies is provided-ig. 28 and may accau for

the frequency behavior of piezoelectric ceramics. The variation trend of the
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impedance |Z| is consistent with that of the current with the involvement of a
maximum and minimum in the curve. Based on this routine, a series of piezoelectric

performanes can be calculated with equival&iiC circuits.

Figure 2.7 The current curve of the piezoelectric vibrator corresponding to frequencies

Figure 2.8 Theimpedanceurve of theRLC circuit correponding to frequencies

2.9.1 Electromechanical coupling coefficient

Electromechanical coupling coefficientK)( measures the conversion between

mechanical and electrical energies which can be defined as follows:

r-)

- «
Y11
WhereU1> means the mutual elastitielectric energylJ1 means the density of elastic
energies andJ: is the density of dielectric energies. Vibration of piezoelectric
ceramics depend on their shape as illustrateeign29 where different mechanical

coupling factors are shape dependent and referrég ks kss andks.
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Figure 2.9 Different electromechanical coupling coefficients of piezoelectric ceramics

In the present work, we will be concerned ky and ki which characterizehe

considered piezoelectric performances. The calculatiépisfas follows:

G2 - 2:52 -
G LS m ® = «

Wherefa means the antiesonance frequencly. means the resonance frequencys
related to Poisson'aitio as 1following the relation :
~ 9F 7 &4?5& ;.

< < «
eL 45498). 245 =5

Wheref1 means third resonance frequency. The calculatidisfas follows:

o _ :l)?[i(;,)
QL%@P—W. «

2.9.2 Mechanical quality factor

Under the AC electric field, piezoelectric ceramics vibrate mechanically. In order to

overcome the internal friction, vibrators dissipate part of energies through conduction

and polarization relaxation. The mechahicpality factor Qm characterizes the

sharpness of the electromechanical resonance spectrum and is defined as follows:

N2
33 L teD—Z\ «

Where Wi means the maximum of elastic energies &drepresents the loss of
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mechanical energies every period. Thus, highercorresponds to small energy loss.

The relation betwee@m and the equivalent circuit sketchiedFig. 28 is as follows:

6 A 5
35 L 3 L 6 Gk « )

Which can be also written as follows:

5
35 N— — «
a T8 E va>vy?

And

u.
3a L6 Q VeV, :G 2 «

Which may be also simplified as:

% by Q Va>Yeity 2, «
The different parameters introduced in the above definitions consiBt imhich
represents the equivalent resistaateesonance andn| stands for the impedance in
resonanceCo andC; are total and dynamic capacitance in resonance, respectively.
represents theevised coefficient of Bessdl, is the frequency of a parallel circuig,
means the frequency in seri@sandfaare already defined as the resonance frequency,
antiresonance frequency, respectively. Rf of the sample is small, there is a

relationship abou, = f,, fs = fr.

2.9.2 Quasistatic piezoelectric constant

The piezoelectric constant represetite correlation between the mechanical strain
and the electric field. The total polarization is zero before poling the ferroelectric
ceramics. After poling, the samples exhibit finite values for the egiasc

piezoelectric constants. These parametars anisotropic and referred in the
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piezoelectric tensors a@ss, dz1=ds2, d15=0b4.

The quassstatic method can be used to determine directly the piezoeleotrstant

ds3, as shown irFig. 2.10. When applying a forc€s on the sample, the charg®
geneated by the sample is measured. Compared the charges between the sample and
a standard sample reference, the gsteic piezoelectric constant of the sample is

obtained. The equation is as follows:
Yal

@7L5 L— «
7 7

C and V represent respectively the capacitance and voltage of sample.

Figure 2.10 Setup of measuring quastiaticpiezoelectric constarks.

The calculation oflz1is different fom dss. The calculation is as follows:

@sL Ca§% Y, 7Qs «

Where @ means the relative dielectric constasit. means the elastic compliance

coefficient defined by:

Q5L—’ « )

¢ W :5?

Wheret represents the thickness of the sample (unit:m) of'arsddensity (kg.IT).
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Chapter 3 Soft and hard Iron (Fe) doped PSLZT
(PSLZT-Fe) ferroelectrics

3.1 Introduction

From decades, lead zirconate titanate (PZT) based ceramics have been tthe mos

widely applied piezoelectric materials owing to their large scale production capability,

high piezoelectric response and the advantages of tailoring their properties through

their chemical compositio. Beyond intrinsic features, metal doping of PZT based

ceramics modulates their piezoelectric properties and ensures theireimeit/ in

different applicative devices.

Three kinds of doping ions in PZT based ceramics can be considered as function of
WKHLU VWDEOH YDOHQFHV VWDWHV 7KH GRQRU GRSLQJ
ions with higher valence such as’tala*, No®*etc. )RU WKH DFFHSWRU GRSLQ.
ions with lower valence state are used such &§ Mg?*, AI**, S&* etc. The last

GRSLQJ PRGH UHIHUUHG DV 3HTXLYDOHM@AH e KLFK XVH
preserves the same valence state. Donor dopingsfaation vacancies such &sad

vacancies in the host ceramics and then decrease the concentration of oxygen
vacancies. Thus, the ceramics may exhibit large strains and strain hysteresis but a low
mechanical quality factor. Oppositely, acceptor dopingicarease oxygen vacancies

of samples and the ceramics present the low strain and strain hysteresis but a high
mechanical quality factor. For equivalent doping such &% #nproved dielectric

permittivity and high electromechanical coupling factors cannbdeced due to the

straining of the PZT lattice by substitution of Sr with a smaller size at the F@e

To optimize their electrical properties, someTP&ramics are edoped with donor

and acceptor ions [%3%). Jakes et al studied the defects in

Phy 989_a0.01(Zr0 5224Ti0.4726-€.009O2.9975 ceramics and found a : 1 F 2©
defect dipoles are involved in soft doped PZT cerar@:sKoduri et al studied the

microstructure of (PbLaSr)(ZrTiFe}Xeramics with different Sr concentratiofs.

They also investigated piezoelectric properties ofddped (PbLaSr)(ZrTiFe)O
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Since L&" is the most important donor dopant in A site an#f Bethe most important
acceptor dopant in B site for PZI[ has been reportetthat (La, Fe) cedoped PZT
ceramics exhibit enhanced performances compared to pure PZT. However, the effect
of the La/Fe ratio on the electrical properties of (La, Fe) codoped PZT ceramics
ZDVQTW VA\VWHPDWLFDOO\ LQYHVWLJDWHG

In this chapter PSLZFFe ceranics with different compositions were realized by
using different La/Fe ratios. The effects of doping concentrations on the
morphological features and crystal structures eblatained ceramic samples were
also analyzed in details. In this frame, the feleotric, piezcelectric and dielectric
performances over the PSLFE samples were investigated, and the relevant
mechanism was also analyzed. The results revealed thditasdftioping can greatly
impact the straielectric field curves. Moreover, by tung the annealing temperature,

the effects on the piezoelectric properties of the PSEZTeramics were clarified.

The ferroelectric capabilities of the poled and unpoled samples were characterized.
The origin of the pinning effects emerged in eleefietd induced strain was
GLVFXVVHG EDVHG RQ WKH 3GHIHFW GLSROHV® PRGHO
defect dipoles on the upgraded performance of thehsoft doping PSLZFe

samples.

3.2 Synthesis of PSLZ7Fe

Fe* doped (PBosSh.0d a0.01)(ZrossTio.47))O0s (PSL(ZT)x-Fe, x = 0, 0.005, 0.010,
0.015 piezoelectric ceramics were prepared by the -stdieé reaction method.
Reagengrade oxide powders (BDs4, SICQ, LaO3, Zr0;, TiO2 and FeOs) were
chosen as raw materials for the synthesis of PBli(-Fe( ceramics. For each
composition, the oxides and carbonates were weighed accurately according to the
stoichiometric ratio of PSL(ZT)x-Fe« ceramics. Powders were batilled and then

were dried. Mixed powders were calcined for 4 h at 80 Thenthe calcined
powders were subsequently baliled and dried again to obtain homogeneous
powders. The obtained powders were pressed into pellet disks. After burning out the
binder for 3 h at 550, the disks were sintered in air atmosphere at L6280
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for 2 h. After sintered, samples could be analyzed for phases, microstructures and so
on. As for analysis of electric properties, specimens should be coated by silver paste
on both sides at 72€ for 0.5 h.
The crystal structures of samples were abtarized by powders -Kay diffraction

;5" S5LIJDNX ' PDJ 9 ZLWK D &X .. UDGLDWLRQ 7KH PRI
were analyzed by scanning electron microscopy (SEM, KEW3200) and EDS
equipment.The dielectricproperties 0 D Q @ aWd pi@zoelecte propertiegk, and
Qm) were measuredusing an HP4294A precise impedance analyg&gilent
Technologies Inc., Palo Alto, CAaccording to IEEE standar. The P-E
hysteresis loopand S-E strain of samples were measured by a TF analyzer (Model
200(E, aixACCT Systems, GermanyPRiezoelectric coefficientss was tested by

piezodsz meter (ZJ3A, Institute of Acoustics, Chinese Academy of Sciences).

3.3 Microstructures and phases of PSLZFe

3.3.1 Microstructures

Fig. 3.1 shows the SEM images of the fracture surface of PSL{FE samples
sintered at 1160 €.Fig. 3.2 exihibits the grain sizes and relative densities of
PSL(ZT)x-Fe  ceramics.The size of grainsUDQJLQJ IURP P WR P LQF
whenx is less than 0.010 and then decreases with the further increas¥ coritent.
Fe** has the lower valence than®Tand Zf*. The replacement of low valence in the
B-site results in the excessive negative vedeto maintain electric neutrality, which
ultimately increases oxygen vacancies in the mateltials well known that the
oxygen vacanciesnproved the distortion of latticesould ultimatelyimprovedthe
growth of grainduring the sintering procesdowever,the averagaize of grains of
PSL(ZT).0s5Fen.015 slightly decreasewith high Fé* doping It may be attributed to
the changes of phase structurk®reover, d PSL(ZT).x-Fe« samples shown high
relative densities at more than 95% in Fig. 3.2jaathg thehigh densities of PZT

systems.
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Figure 3.1 SEMimages of the fracture surfacef PSL(ZT).x-Fe«ceramics(a)x =0, (b) x=
0.005 (c)x=0.01Q (d) x=0.015

Figure 3.2 Grain size and relative densities of PSL(ZJ)Fe ceramics.

Fig. 33(a)}(g) shows the SEM images of the fracture surface of PSly(géFFe.oos
samples with different sintering temperaturésy. 3.3(h) showshe grain sizes and
relative densitie®f PSL(ZT).os-Fen.oos sampleslt is found that the grain size of the
sample increases with increasing sintering temperature. In general, high sintering
temperatures provided the large driving force to stimulate the growth of grains,
resulting to the largsize grainsof samples.In Fig. 3.3(h), relative densities of

samples decreased withcreasing sintering temperaturednd relative densities of
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PSL(ZT).905Fen.0oos Samples can stay over 96% with different temperatures.

Figure 3.3 SEMimages of the fracture surfacef PSL(ZT).99sF&n.00sceramics with
different sintering temperatures,{aj = « K *UDLQ VL]IJHV DQG UHODW
densities of the sample.

Fig. 34(a)(g) shows the SEM images of the fracture surface of PSl(g&FFe.010
samples with different sintering temperaturésy. 3.4(h) shows grain sizes and
relative densities of PSL(Zd)ec-Fen.010 Sampleslt is found that the grain size of the
sampleis small D E R XW wherPsintered at 1160 €The grain size increas
abnormally when the sintering temperature was increased to€.180om 1180C
to 1280€ , the grain sizes remain simildiris possible thathe sintering temperature
of 1160 € is not enough for this higdoped system tomprovethe growth of grais.
For the sintering temperature at 1180 €, a drastic increase of the grain size is
observed and remains almost stationary for higher temperatures up to 1260 €. SEM
images of thisPSL(ZT).oo0-Fe&n.010 composition exhibithe larger relative densites

from 1180 € to 1260 €, resulting in the highest relative density about 1240 €

53



Chapter 3oft and hard Iron (Fe) doped PSLZT (PSLEZS) ferroelectrics

Figure 34 SEMimages of the fracture surfacef PSL(ZT).gs0Fe010ceramics with
different sintering temperatures,{a) -. * h) Grain sizes and relative
densities of the sample.

3.3.2 Coexistence of phases

For PSL(ZT).x-Fe« ceramics sintered of 1160 CHg 3.5 shows the XRD patterns
ZLWK LQ WKH UDQJH IURP D f WR f DQG E
effects ofinternal stresses and privileged orientations in bulk ceramics on the XRD
results, the samples were milled into powders before the XRD measurements. All the
patterns show the pure perovsksteucture forPSL(ZThx-Fec ceramics PSLZT-Fey

and PSL(ZT).os-Fen.oos ceramics exhibit the tetragonal structure, for (111) peak is
singlet whereas (200) peak is doublet according to the standard PZﬂPIDIéan

also be observed that the intensity of (200) (including (020)) peak is approximately
twice high comparedo (002) peak in PSLZFe and PSL(ZT).095F&n.005 Which
corresponded with the line splitting of the tetragonal pf@e However, with
increasing the Fé& content, the 2 diffraction peaks near 44°can be decomposed in
three lorentzian ks while only two peaks are required for PSIE& and
PSL(ZTh.0osFe&.0os It means that a coexistence of rhombohedral and tetragonal
phases occurs in PSL(ZlpoFe.0i0 and PSL(ZTy.0ssFen.015 While the tetragonal
phase holds for PSLZFey and PSLZT)o_ogs-Fe)_oosceramic. The compositions

with x = 0.010 andx = 0.015 lie in the morphotropic phase boundary (MPB) region

which can be extend for higher ¥eontentf* 78||91. Previous reports showed that

ceramics with MPB were involved for= 0.45~0.5 in pure Pb(ZxTix)Os EI which

54

W



Chapter 3oft and hard Iron (Fe) doped PSLZT (PSLEZS) ferroelectrics

is in agreement with the Ti ratio (0.47) of PSL(Z¥)eceramics used in this work.
Compared with the effect of MPB on the ferroelectric properties, the defect dipoles
play a more important role on softenihgrdening features of PSLAe samples
which would be discussed latevioreover, since the radius of L% (1.032 A) is
similar to PB* (1.190 A) at the A sitewhile te radius of F& (0.645A) is similar to

Zr** (0.720 A) and Ti** (0.605A) at the B site. It washus considerably feasibfer

La®* and Fé* to enter the lattice of PZduringthe solidstate reactioywith a relative

low doping content of 1% for both in the PZT systeitgere wasio second phase of
LaFeQ in materialsevidencedoy the XRD results. Thus, the solid solution effef

LaFeQ was not takeinto account when analyzing the effect of Faoping.

Figure 35 XRD patterns of PSL(ZTx-Fecceramics(D =20%60°E E =43.3245.5°

3.4 Ferroelectric properties of PSLZTFFe

3.4.1 Polarkation-electric field loops

Fig. 36 shows the polarizatieslectric field P-E) hysteresis loops and
currentelectric curves for PSL(ZT)-Fec ceramics. The undoped PSLZT ceramics
show a weHsaturatedP-E loop at room temperatu@. The peak of the current
matches with the coercive fiel&Ed) which indicates that domain walls are switched
. As for materials such as PSLE® and PSLZTFe 005 the intersections of with

hysteresis the horizontal axis in in Fig6@.)-(b) are consistent witk: because of the
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easy rotation of doain walls (18 kV/cm, 18 kV/cm respectively). The situation is
different for higher doping rates as shown in Fi$(@&-(d) and can be accounted for

by the domain walls being not switched. The domain walls are pinned by oxygen
defects as revealed by tharrow loops. The actual values Bfin PSLZTFFe 010and
PSLZT-Fe&.015 are at the same high value 20 kV/cm which correlates with the high
Fe**content.The remnant polarizatioPU GHFUHDVHV fUNRMP & FP
with increasing F& content from Go 0.015. It indicates that the softenihgrdening
transition appeared with the doping ratios of*F&he shapes of the hysteresis loops
are attributed to the reversible movement of domain walls in materials as they are
electrically or elastically pinrteby defect. TheP-E loop of PSLZT a = 0.005 is
nearly the same as that of undoped ceramics although defect dipoles are invalved in
= 0.005 doped ceramics. Asis 0.010 which is equal to Bacontent, the remnant
polarization decreases sharply which is the typieature of hard doped piezoelectric
ceramics. With more PBé content than L, the material appears an
antiferroelectrielike with a double hysteresis loop which indicates the parallel
alignment of oxygen vacancies with spontaneous polariz. The results
indicate that the ratio of La/Fe is crucial to the soft/hard behavior of PEEZT
ceramics. It is well known that La doping can create lead vacancies which improve
the rotation of domains, while Fe doping can create oxygen vacancies which pin the

domains or dmain walls. When La/Fe is more than 1, soft PZT ceramics are obtained

%% LWK /D )H ” FHUDPLFV H[KLELW WKH KBRdG IHDW XU

ceramicsare determined by the competition between two kinds of vacancies.
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Figure 3.6 Polarizationelectric field P-E) hysteresis loops and cunteelectric field (-E)
loops of PSL(ZT)x-Fe« (x =0, 0.005 0.010 0.015)ceramics.

Figure 3.7 showsf domain switching of BL(ZT)1x-Fec samples under the electric
field (x = 0.010, 0.015). The curreptectric field (-E) loops in the previous figure
shows that two pairs of current peaks appear inli#adoops for two highdoped
samplesX = 0.010, 0.015). The current peaksadd B under the high electric field
are related to the switching of ferroelectric domains. The current pea&sdPR
under the low electric field are related to the depolarization of the switched
ferroelectric domains under the restoring force of defect dipoles. According to Ren's
theory of defect dipoles, the oxygen vacancies in the acedppmd samples form the
defect diplesPp after aging, and the direction Bp and spontaneous polarizatiBea
remains consistent, keeping the ferroelectric domains f8bl&or PSL(ZT)1x-Fex
ceramics, the current of the peaksaRd R in the highdoped componenk & 0.010,
0.015) are significantly reduced compared to the-dmped component, which means
that only a small portion of ferroelectric domains switched under the high electric
field. Because switching of ferroelectric domains is pinned by defect dipoles) wh
makes the switching of ferroelectric domains difficult, as shown in Figure 3.7 (b) and
(e). The peaks Pand R current reveal the actual coercive field of hpped samples

(x=0.010,0.015), both of which are 20 k&th. When the applied electric fiein the
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two samples gradually decreases, the current gradually increases, which indicates that
switched domains are not stable. When electric field was removed, ferroelectric
domains began depolarization and gradually recovered to the initial statee In t
sample ofx = 0.010, R appears in the negative electric field, indicating that
ferroelectric domains have not fully recovered to the initial state when the electric
field decrease to zero. Therefore, the sample has a certain remnant polarization at zer
HOHFWULF ILHOG ZKEidguke 3T¢) also skowsPthatew switched
ferroelectric domainsf the samplestill occur in the initial state-or thesample ofk =

0.015, the high concentration of defect dipoles in the sample baerge pinning

effect on the ferroelectric domainghe polarization returns to the initial state,
forming the current pealPs. Therefore, the manantpolarization of the sample is close

to ze2roZLWKRXW WKH HO HF Wdnf. Fhéldefé@Qlipdet Rixiad the &
high-doped samplesx(= 0.010, 0.015) have a pinning effect switching of

ferroelectric domaisunder the electric field;ontributing tothe doubleP-E loops

Figure 3.7 Model of domain switching of BL(ZT):x-Fe&; sanples under the electric field, (aF

0.01Q (b) x = 0.015

Fig. 38(a) and (b)shows the polarizatieelectric field P-E) hysteresis loops and the
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value of Pr and Ec of PSL(ZT)h.oesFen.oos ceramics with different sintering
temperatures. The hysterekisps of the same composition exhibit the vagturated
shape for the different sintering temperatures. With the increasing sintering
temperature, remnant polarization of the sample decreased slightly and coercive
electricfield keep a stationary value.hiis, the PSL(ZT)osFe.005 composition

exhibits enhanced ferroelectric properties at low sintering temperatures.

Figure 3.8 (a) Polarizationelectric field P-E) hysteresis loopgb) values oP; andE. of
PSL(ZT).005Fey.00sceramics with different sintering temperatures.

Fig. 39(a) and (bshows the polarizatieelectric field P-E) hysteresis loops and the
value of Pr and Ec of PSL(ZThosorFen.0i0 ceramics with different sintering
temperaturesThe sample appears auble hysteresis loop at different temperatures.
The results show that the sintering temperature did not play an important role in the
pinning effects. With increasing the sintering temperature, remnant polarization
remains constant first and then increastightly. At the same time, the coercive
electric field Ec is similar and exhibits a low value 4 kV/cm. As for highly doped
ceramics, high sintering temperatures are helpful to improve the ferroelectric

properties, especially from 1240 € to 1260 C.

Figure 3.9 (a) Polarizationelectric field P-E) hysteresis loopgb) valueof P, andE. of
PSL(ZT)h.000Fen.010ceramics with different sintering temperatures
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3.4.2 Electric field-induced strain

The bipolar strairelectric feld (SE) curves shown irFig. 3.10 are consistent with
P-E loops Shown in kg 36). It is shown that th&sE curves have the shape of
archetypal butterflies with a quite large positive and negativex ferO or 0.005,
which is accounted for by the easgtation of domains walls under the applied
electric field. The maximum strain of ledoped samples could reach 0.22%.
However, negativeS-E curves disappear with increasing *Fecontent as in
PSL(ZTh.0o0F&.010 and PSL(ZTg.ossF&n.01s Thus, the behaor is typical for
harddoping ceramic sampl. The high F& doping which form oxygen defects

easily induces the pinning of domains and the-negative bipolar strain.

Figure 3.10 Bipolar strain-electric field GE) loops of PSL(ZT)x-Fe (x = 0, 0.005 0.010,
0.015)ceramics.

Fig. 311 shows unipolar strains induced by the electric field in PSL{ZFE
samples and at room temperature. It is shown that the maximum strain decreases with
increasing the Fé content, as expected for a softentmydening transition in
piezoelectric materials. The maximum value of the unipolar strain changes from 0.19%
to 0.09% rapidly wherx decreases at 0.005 in PSL(Z¥Fe. According to the
piezoelectricequatiorﬁ:
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Tovk By bneE @u'va «(3.1)
With i=j=3, the relation is simplified as:

T,7L 5% E @+ «(32)

xs3 is radial strain, 5% is the partial elastic compliance congtafthe radial stress,
and E the applied electric fieldss is piezoelectric constanit is known that both the
converse piezoelectric effect in lattices (intrinsic effect) andiechingof domairs
(extrinsic effect)cancontribute to the unipolari@placemen. ds3xE was regarded
asthe strain from inverse piezoelectric effemtd it doeshot incluce the contribution
of domain switching. Thus, the strain stemming from domain switalgisgits inthe
variation in thevalue of x33 and dssxE. As shown inFig. 3.11, the value of strainsi
higher than that oflssxE because of the extrinsic effect. In addition, the difference
betweenxss and dssxE became smaller with increasing the’Feontent.It indicates
that domain switching in higdoped samples was pinned by oxygen defetthen
the extrinsic effect ofdomain switchings lowered by the pinningffect it leads to

the softeninghardening trasition in PSL(ZT).x-Fe ceramics.

Figure 3.11 Unipolar strairelectricfield (S-E) loops andralues ofdssxE in P (ZT) 1.x-Fe
ceramics{a)x =0, (b) x=0.005 (c) x=0.01Q (d) x=0.015
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Fig. 3.12 shows thebipolar strain of PSL(ZTjo5Fen.005s ceramics with different
sintering temperatures. The bipolar strain of samples exhibit the highest value when
the samp@ was sintered at 1160 €. With increasing sintering temperature from
1180 €, the value of bipolar strain did not decrease sharply, indicating that the

sintering temperatures have little influence on the eleti&id induced strain.

Figure 3.12 Bipolar strainelectric field(S-E) loopsof PSL(ZT).ges Fe.005ceramics with
different sintering temperatures.
Fig. 3.13 shows thebipolar strain of PSL(ZTj.000Fen.010 ceramics with different
sintering temperatures. All samplestiwdifferent sintering temperatures show the
nortnegative strain which is indicative of the existence of pinning effect. The
sintering temperatures did not alter the hard feature P8L(ZT)h.os0Fen.010
composition while the bipolar strain exhibits theghest value at high sintering

temperatures of 1220 C.
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Figure 3.13 Bipolar strainelectric field(S-E) loops of PSL(ZT).000F&.010ceramics with
different sintering temperatures

3.4.3 Model of defect dipoles for hard PSLZ7Fe

The variations of the piezoelectric properties of doped materials depend on the nature
of doping elements and on the structural defectsiwedbin the host material¥he
polarizationelectric field P-E) loops and the straielectric field GE) loopsreported

in Fig 3.14(a)-(b) show similar characteristics in the poled and -poled
donordoped samples. Thus, wslturatedP-E loops and large unipolar strains
indicates the easy domain rotations favored by the occurrence of lead vacapties

Indeed, according to the defect equilibrium reaction:

TAX o
fe 7t f&E MEUH «(3.3)

M DUH H[SHFWHG WR LPSURYH WKH P ddrRoddds W UL F SUR
reducing the energyarriers for ferroelectric donra switching . Thus lead
vacancies is suggestedenhanceWKH VXSHULRU SLH]J]RHOHFWULF SURS
PZT compainds.
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Figure 3.14 (a) Polarizatiorelectric field P-E) hysteresis loops, (b) Unipolar stradtectric
field (SE) loops for unpoled and poled acceptoped PSL(ZTyggsFey.00sSamples.

Non-poled acceptedoped sample exhils a double hysteresis loop and a recoverable
polarization in external electric field iAg 3.15(a). It is also found that bipolar strain
is small for norpoled acceptedoped ceramics and the curve shows symmetric shape
(Fig. 3.15(a)). Fig. 3.15(b)-(c) show the double hysteresis loop and the recoverable
polarization for the poled acceptdoped sample when the positive electric field is
antiparallel and parallel to the direction of poling respectively. After poling the sample,
the positive bipolar straiandP; become very large for the same electric field and the
curve of bipolar strain becomes asymmetric as shown in Fi§(l3.and (c). The
internal bias fieldE evaluated at 16 kV/cm is generated by the mechanism of
realignment of defect dipol, revealing theevolution of domain switching-ig.
3.15(d) show the wunipolar straielectric field GE) loop for nonpoled
acceptordoped sample, (e) for the poled acceqtoped sample when thmositive
electric field is antiparallel to the direction of poling and (f) for the poled
acceptordoped sample when the positive electric field is parallel to the direction of
poling. It is found that the unipolar strain of the poled accepdped ceramic
becomes as high as 0.13% compared with that ofpoted acceptedoped ceramics
(0.08%) with an electric field of 40 kV/cm (Fig.1¥d) and (f)). After polingPs and
Pp align parallel to the external field in the acceploped material. By applying ¢h
external field along the poling direction, the defect dipdbesreoriented to align
along the direction oPs under the electric field with less domain switching. The

aligned defect dipoles formed the internal bias electric #ldind the internal bs
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partially contributes to the large electric field induced strain in Fig(8)%and (f).
There is also a small hysteresis of unipolar str@sulted from the less domain

switching in Fig. 3.5(f), compared with that in Fig.31d) and (e).

Figure 3.15 (a) Polarizatiorelectric field P-E) hysteresis loop and bipolar stratectric
field (SE) loop, (b) unipolastrainelectric field GE) loop for unpoled acceptaioped
PSL(ZT).0ssFen.01ssample. (cP-E and bipolalS-E loops (d) unipolarS-E loop for the poled
sample where the direction of the electric field is antiparallel to the poled directi®E(e)
ard bipolarS-E loops, (d) unipola&-E loop for the poled sample when the direction of the
electric field is parallel to the poled direction.
The behavior of pinning in acceptdoped ceramics was explained by the
defectsymmetry model in Fig3.16. With the excess of F& : 11y F Yefect
dipoles are formed in B sites of PZT systems following the defect equilibrium:
6 X8, fi @® i H
t :l:G 7:”[ t: i/\Fﬁ(gF m» Et :t/\m(gEX m «(34)
: ﬂ‘pxgl: ®® defect dipoles are formed in the accemtoped sample. The
polarization of defect dipole®p formed by defect dipoles are parallel to tRe
(spontaneous polarization) because of the diffusion of oxygen vacancies before
applying an external electric field. During the application of an exteteetrie field,
the domain switching leads to the increase of the overall polarization. As the domain
switching involves nucleation and growth, a mudidimain state is formed at an
intermediate field before a new singlemain state withPs perpendicular tohe initial

direction appears at a sufficiently high fi. The unchange8p stops the domain
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from switching along the direction of the electric field. After remgvihe external

field, the remnant polarizatioR, approach the zero and we consequently observed a
double P-E hysteresis loop because of the pinning of defect dipoles. The overall
polarization is locked by the defects and their domain switching is diffiealding to

the decrease in remnant polarizati®) from 35.6 JX/cni? (donordoped sample) to

2.4 JClcm? (acceptordoped sample). During the poling process of the
acceptordoped sample, more and more polarization inversions take place and the
number of dipoles increases since an external electric field accelerffusgnl of
vacancies and thus increases the probability for the dipole formation including the
: i‘i‘m(gF B®defect dipoles. When the external electric field is parallel to the
direction of poling electric field, the realignment of defdgioles contributes to the
polarization. As a result, the averaged polarization restores the original value. On the
other hand, when the direction of electric field is antiparallel to the direction of poling,
a rapid decrease occurs on the switchable gal#wn; the polarization is still pinned

by the defect dipoles. ltas beemxplained that the most part of the hysteresis loops is

normal and the other is still pinned in Fig. %) and (c.

Figure 3.16 The switching model of defect dipolBs and spontaneous polarizatiBgin the
external electric field with peddand unpoled respectively
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3.5 Dielectric properties of PSLZFFe

3.5.1 Dielectric constang

7KH HYROXWLRQ Rl WKH GLHOHFWULF FRQMWBQW 0 ZL\
ceramics is shown in Fig. ¥1Samples were investigated by using a heating and

cooling runs. The resultfustrate the differences of Curie temperature) (between

heating curves (325 €) and cooling curves (305 €). However, different content of

doping Fé" did not influence the value @& IRU DOO VDPSOHV XXKMH PD[LPXP
and 0.005 is much highénan those ok = 0.010 and 0.015 aroud@. There are also

D VLIJQLILFDQW GLIIHUHQ Frey (RIBOY ariel HPEIZAb)bEF 036 / = 7

(1179) at room temperature, because the effect of defect dipoles irddpgh

samples weaken the whole polarization

Figure 3.17 Temperature dependence @dldctricconstantsO R 1 3 6 Ax=F8& ceramics on
heating curves and cooling curves respectively.

3.5.2 Dielectric losses

The dielectric loss (taf) with temperature for PSL(ZT)-Fexis shown in Fig. 38&. It

can be seen that hard ceramics (La/@€l) exhibit much lower dielectric losses than
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that of soft ceramics (La/Fd DW URRP WHPSHUDWXRIHW K KHK VKH®& P
PSLZT-Fe ceramics increases rapidly at high temperature850 °C) and becomes

higher than that of soft PSLZHe ceramics. The high dielectric losses in piezoelectric

ceramics originate from the motion of domain walls. There are more oxygen
vacancies in hard PSLZHe ceramicsX R 0.010) which pin the domain wallat

room temperature. However, they exhibit the high mobility in ceramics and form the

large leakage current at high temperatures. Therefore, the pinning of domain walls
reduce the dielectric loss of hard PSEE& ceramics at room temperature, while the
contribution from the leakage current dominates at high temperatures; hard-P8LZT

ceramics exhibit much higher dielectric losses abiave

Figure 3.18 Temperature dependence afldctric losses tahof PSL(ZT).-x-Fe ceramics

The anomalous dielectric constant and dielectric losses of accEmped
PSL(ZT).005Fen.005s and donomoped PSL(ZTgessFen.015 sSamples are shown in Fig.

3.19 (a) and (b) The dielectric constant of the dordwped sampléecomes larger
originated from oscillating defect dipoles at low frequenclé® substitution of 24

or Ti** by F€** forms the oxygen vacancies. These defects are sufficiently mobile to
form complex defects able to pin the overall polarization at roonpaeature. With
increasing the temperature, oxygen vacancies become mobile, contributing to the
ionic conductivity especially abovéc . The dielectric constant and dielectric

losses of the donatoped sample at high temperature become high beddubse
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high leakage current in Fig. 3(b) .

Figure 3.19 Temperature dependence @ldctricconstant@and dielectric losses of)(a
acceptodoped PSL(ZTygssFen.oossample and (b) donatoped PSL(ZTgossFen.o1sSample.

3.6 Piezoelectric parameters of PSLZFe

Fig. 320 shows the piezoelectric constadss at room temperature for the
PSL(ZT)x-Fe ceramics annealed at differedetmperatures. It is apparent that higher
dss for softdoping samplex = 0, 0.005) can be achieved via suffering annealing at
lower temperatures. The ideal annealing temperature fordepetd samples lies
below 1220 €. Conversely, higher annealing tengiares are relevant to obtain
higher ds3 for harddoped samplesx(= 0.010, 0.015), which implies the optimized

annealing temperatures for hatdped PSLZ3Fe ceramics above 1220 C.

Figure 3.20 Piezoelectric constadts of PSL(ZT).«-Fe ceramics versus different sintering
temperatures.

Fig. 321 illustrates the coupling coefficients and factor quality of PSL{E&)and
PSL(ZT).990Fen.010 sSamples polarized at 1160 €. After effective polirds for the
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two samples are elumted to be 412 pC/N and 240 pC/N, respectively. Furthermore,
the piezoelectric stability is ensured with the temperature variation foddped
sample X = 0) while a variation is noticed in the highly doped sample (.010).
Radial electromechanicaoupling coefficient Kp) and thickness electromechanical
coupling coefficient ;) are determined to be respectively at 0.68 and 0.58 for
PSL(ZT)}Fe. These values were almost unaltered in the temperature 430§ to

200 €. For PSL(ZTy.990Fen.010 Kp andK: have the values at 0.45, 0.42, respectively,
for a temperature lower than 100 € and undergo an affective decrease above 100 C.
Mechanical quality factoQm which was obtained from LC equivalent circuit are
highly dependent on the measuremembgerature. SpecificallyQm of high-doped
ceramics are positively related to the applied temperatures, and the highest value at
400 was obtained at 18D . The stability of phase angles for the hidiped sample

is lower than the lovdoped one.

Figure 3.21 Temperature dependance of the planner electromechanical couplingdzitter
thickness electromechanical coupling faétpthe mechanical quality fact@m and the phase
angle of PSL(ZT¥Fe and PSL(ZTy.990-Fen.010 ceranics measured at different temperatures.

As mentioned above, the optimizeohteringtemperature are determined at 1Z60
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for high-doped PSL(ZTh.oocFen.010 Sample. Average piezoelectric constants of
PSL(ZT)h.oo0Fen.o10samples are 370 pC/N sinteredldab0€ , more than that sinterd
at 1160C . Thedss of PSL(ZT).990-Fen.010 Sample decreased slightly with increasing
meseured temperatures shown in Fig. 3.22. When the samasleneasured over
Curie temperature, thealue ofdss is still kept at the valuef 82 pC/N. It may be

attributed to the effect of space charges on the polarization.

Figure 322 Thepiezoelectric constants of PSL(ZlgoFe.010ceramicdeakd with different
temperatures.

Fig. 3.2 presents the correspding electromechanical coupling coefficiek,(Ky),
mechanical quality factorQm) and the phase anglef PSL(ZT).990Fen.010 Sample
sintered at 126@ . K, and K; are stable at 0.70 and 0.58, respectively, when the
testing temperature is below But the electromechanical coupling coefficient
drastically reduces for higher temperatures. Additionaf}y is about 150 at
roomtemperature and have tendency be improved for high temperatures. The

evaluation olQm was made accondg to the equation givebelowa

3, L

8 Gy Vi>¥e4 W, «(3.9)
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Here is Bessel correction facto€o and C; are the total capacitance and active
capacitance, respectively, in the equivalent cirdditepresents the antesonance
frequency and; the esonance frequenc¥m is the impedance dRLC circuit at the
resonance frequency. As shown in Fig.43.Zn| at the resonance decreases with
rising the temperature and contributes to the exceptionally enhghcells for the

hard materials, the migrationf inner oxygen vacancies can be influenced by
increasing the temperature, which leads to the significantly reduced impedance in the

RLC curcuit, thus resulting in the sluggish stability.

Figure 323 Temperature dependancetioé planner electromechanical coupling fagtpthe
thickness electromechanical coupling fadétpthe mechanical quality fact@m and the phase
angle of PSL(ZTge0Fen.010ceramicameasuredt different temperatures.

72



Chapter 3oft and hard Iron (Fe) doped PSLZT (PSLEZS) ferroelectrics

Figure 3.24 Frequency dependence of impedafa¢ef PSL(ZT).oo0Fen.010ceramics
measured at different temperatures.

3.7 Conclusiors

In summary, the conventional soltiate reaction method was used to prepare series
PSL(ZThx-Fec ceramics. The scftard characteristics can be well controlled by
adjusting the La/Fe ratio. By using different annealing temperatures, the crystalline
structure, microstructure, dielectric and piezoelectric properties were investigated
systematically. The main results are sumeea below:

(1) XRD results reveal a structural evolution from the tetragonal phase iddped
samples to the coexistence offRphases in higldoped samples. The microstructure
and grain sizes show a slight variation of grains with increasid demient for
PSL(ZT)x-Fe ceramics.

(2) By comparing the polarization and strain, it was shown that the hystelesisc

field loops present saturated shape for La/Fe > 1 which traduces apparent
characteristics of sefhaterials. This is also manifestedrr the large strain and the
great hysteresis due to the easy mobility of domains. Moreover, soft samples show
highest piezoelectric and dielectric coefficients dfi2 pC/N and 1480 at room
temperature, respectivelppositely, when the La/Fal 1, the hystresis loop is
similar to the case of antiferroelectric behavior marked by the small strain and limited
hysteresis. These features are indicative of the limited motions of domains being
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pinned by oxygen vacancy. However, the pinning effectcaain wallscaused by
defects was quite low. For Feconcentrations a0.010 and 0.08, the factorQm
achieved its high value of 500 and exhibited hard feature, which was ascribed to the
domainwall pinning by oxygen vacancies in the system. Such a shift based on
soft-hard doping was verified by the reducesl® and the relevant mechanism for the
soft-hard shift in PSL(ZT)x-Fe«was discussed in this section.

(3) The specific properties and the ferroelectric and dielectric performances of donor
and acceptedoped were investigated systematically and analyzed in details.
Comparative studies, based on the poled and unpoled samples, disclosed the influence
of the polarization on the ferroelectric property of donor and acecdpfmed ceramics.

For the unpoled samgpl the defect dipole: iﬁm(gF ®®created by acceptaioped
contributed to the whole polarization pinning and then reducing the remnant
polarizationP;. After samples being poled, polarization from defect dip&esand

the spontaneous polarizatid®s rearranged under thepplied electric field. The
observed enhancement for the polarization and strain can be ascribed to low pinning
effect on the domain walls. In addition, oxygen vacancig&nvolved in acceptor

doped samples favor the increase of dielectric corsstart losses at low frequencies

and high temperatures.

(4) Piezoelectric investigations were performed in the temperatures re&otfe, [
200€C]. The soft samples with high La/Fe ratios exhibit a better stability of their
electromechanical coupling coefnts and mechanical quality factors under variable
temperatures and frequencies. With respect to the samples doped by low La/Fe ratios,
the unstable mechanical quality factor was caused by the instability of the low
impedance in the equivalent circuit aitgl decrease with rising the temperature. As a
consequence, habped samples only showed excellent piezoelectric performances
in a limited temperature range.

The investigations carried out on acceptand donowoped PZT based ceramics
pointed out théhigh performances achieved as function of the doping rates and their
stability in wide temperature and frequency ranges. The developed approaches on

such class of doped ceramics pave the way for improved ferroelectric responses
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required for potential andinovative applications.
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Chapter 4 Interplay of phases and ferroelectricity in Al
doped BiFeQ-BaTiOs (BFA-BT)

4.1 Introduction

Piezoelectric materials have contributed widely to improve the efficiency and
sensitivity of sensors, actuators and transdude this frame, recent developments
were dedicated to leddee materials for their role in the environment preservation.
As promising candidates for ledcte materials, KsNapsNbOs (KNN),
Bio.sNaosTiO3 (BNT) and BaTiQ (BT) based ceramics are woytbf interest due to

excellent piezoelectric respong&¥'®3. The low Curie temperature of BT and KNN

basel materials or the low depolarization temperature for BNT and BT based lead free
systems, constitute a major drawback for the thermal stability of their electrical
properties. Therefore, bismuth ferrite (BiFeDbased ceramics with excellent
multiferroic features and high Curie temperatures are promising systems.

Indeed, pure or doped BiFe@re difficult to obtain as a singfghase structure with

high piezoelectric responses and saturgigdrizationelectric P-E) field hysteresis
loops. The alterrteve challenge is then focused on the binary or ternary BilbeSed
systems able to achieve high piezoelectric performances. As examples, relevant
domainlike structures were built based on Bike@ihd ABQ-type perovskites such

as BaTiQ, CaTi®, SrTiOz and BiosNapsTiOs . Among them,
BiFeOs-BaTiOs with significantly enhanced piezoelectric activity is regarded as the
most promising system. Also, 0.70BiFe@30BaTiQ was investigated as the
optimal composition offering the highest remnant polarization along with high
piezoelectriass coefficient. Moreover, it was reported that Sc, Ga, Al, La, In, Co,

Gd, Nd and Ni doping at B sites can promote the piezoelectric and ferroelectric

properties of BiFe®@BaTiOs system as AB® perovskite material§®®119. Among

these elements, Alis well adapted for the substitution in-dite, preserving the
crystalline structure but modifying é¢helectronic hybridization in the occupied sites.

Thus, Al element would contribute to adjust the ferroelectric and piezoelectric
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peculiarities of BiFe@based systems.

In this chapter, Al doping 0.70BiFe®.30BaTiQ ceramics were systematically
investigaed for their microstructures and electric properties. The dielectric constants
show pronounced diffuse phase transition and the relaxation behaviors correlate with
the content of Af. Meanwhile,>’Fe M‘§sbauer spectra point out the variation of the
B-site F&* content towards the Al doping in ABOperovskite structure. The
microstructure, crystalline features, ferroelectric behavior and dielectric constants
were analyzed as function of Al doping. It afforded valuable approaches for the
investigation ofthe inner interplay between doping effects, the ferroelectric behavior

and the structural features of the Al doped Big-8aTiOz (BFA-BT) host systems.

4.2 Synthesis of BFABT ceramics

In this chapter, the solidtate method was used for the synthesisr-BT ceramics.
Specifically, 0.70(Bi.os-e1-xAlx)0s-0.30BaTiQ@ (BFA-BT) compositions with
(0.015x ©.060) were prepared by the conventional sstate method. Bi element
was added more 5 mol% against the excessive volatilization. High purity oxides
powdes of BkOs, TiO2, FeOs, LaxOs, MNO, and carbonate BaGQvere used as raw
materials.For eachcomposition, the oxides and carbonates were weighed accurately
to ensure the stoichiometric ratd 0.70(Bh.os€1-xAlx)O3-0.30BaTiQ ceramics.The
defined compsitions of powders were mixed thoroughly in ethanol using zirconia
balls for 10 h, then dried and calcined at 720 € for ZThen the calcined powders
were subsequently bathilled and dried again. The obtained powders were pressed
into pellet disks.After burnng out the binderfor 6 h at 550 &, the disks were
sinteredin air at D10 & for 2 h. The characterizations were then performed on
assintered samples but for the electrical and dielectric measurertienfllets were
coatedby silver paste oboth sidesand annealed al® o for 0.5 h.

The scanning electron microscopy (Carl Zeiss Auriga 60) was employed to
characterize the microstructures of samples. The crystalline structures of samples
were investigated by -y diffraction (XRD) analysis ¥ using
EmpyreanPanalytical diffractometer operating at 40 kV, 30 mA with Ce &I L
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savvr®) and Cu K=t (I L savvv® lines. >’Fe ‘¥e, f —dpectra were
recorded at 77 K without external applied field in a transmission geometry using
>'Co/Rh @ay soure mounted on an electromagnetic drive with a triangular velocity
form. The polarizatiorelectric field P-E) loops were measured at room temperature
by ferroelectric analyzer (10 Hz, TF Analyzer 2000, aixACCT Systems GmbH,
Aachen, Germany). The temperatudependence of dielectric properties was
measured using a precision impedance analyzer from room temperature to 600 €
(Agilent 4192A). The imaginary modulus of samples versus frequency was obtained
at different temperatures by Novocontrol Broadband dietespectrometer (Alpha,

BETA Analyzer, Germany).

4.3 Structures and organization of BFABT phases

4.3.1 Microstructures

Fig. 4.1a)(d) shows the SEM images of the BBY samplesFig. 4.2 shows the
grain size and relative densities of all samples. tilats the increasing porosity in
highly doped ceramicsx( R 0.045). Oppositely, the microstructures of BT

materials withx = 0.015 and 0.030 show relatively higensity structures with large

grain size of 5 P $V UHSRUWHG LQ SUHYLRXV ZRUNYV

high-density structures lower the leagje@current*]*'4. Also, the large grain sizes

increase the domain sizes aneduce the pinning effect alomain walls This
contributes to the polarization switching under an extrinsic electric field. Thus,
improved ferroelectric properties are expected to be realized irdeigsity BFABT

ceramics where large grain sizes are involved.
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Figure 4.1 Fracture SEM images of BiE@AIxO3-BaTiOs ceramics(a) x = 0.015 (b) x =
0.03Q (c) x=0.045 (d) x=0.060

Figure 4.2 Grain sizes and relative densities of Bif& xOs-BaTiOz ceramics.

4.3.2 Structural properties of (R, T) phases

Fig. 43(a)(d) shows the Rietveld refinement of XRD patterns in BBFA samples at
room temperature. Attempts were made to consider space gR&Q&8m,Cm and

P4mm) relevant for the BiFefBaTiOs system with a mixture ophases such as

R3c-P4mm orR3c-Cm as reported elsewhgf@]d. In the present work, the optimal

Rietved refinement is achieved by using the coexistence of rhomboHg8icaand
tetragonalP4mm phases with an error factor Rfp N 9.7% All the compositions
have the dominant perovskite structures with the coexisterR&candP4mm phase,
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resulted from fitting the three peaks associated to (200) reflection in the range of 2
= 45°-46° Minor secondary phases account for the aXine at 28°emanating from

BioFesO9 and BbsFexOz9 as impure structures involved in BiFe©@eramics and

difficult to eliminate from the networ4119.

Figure 4.3 XRD patterns with Rietveld refinement for BikAlxOs-BaTiOs ceramics(a) x =
0.015 (b) x = 0.03Q (c) x = 0.045 (d) x = 0.060
The parameters %, =) from the Rietveld refinement, the rati@/ = of the
tetragonal phase, the fraction and distortions of the rhombohedral phase are shown in
Fig. 44 and Fig. 45 respectively. A slight structural contraction can be expected with
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the few amount of Al doping, giving rise to a slight canting of the lattice parameters
parameters %, =j). For low Al doping X = 0.030), a high%/ = is achieved (Fig.

4.4) as well as a high degree of rhombohedral distortions (&)in Fig. 45. These
features enhance the distortion of the samples when they are polarized under extrinsic
electric field and improve the ferroelectric response. Different fractions of the
rhombohedral phase were induced in BBA systems with differenAl doping ratios

(Fig. 45). The composition ofx = 0.030 leads to the highest fraction of the
rhombohedral phase with optimal values of the spontaneous and remnant polarization

as discussed in forthcoming section.

Figure 4 4 Lattice constanté?, =j) and 2/ = for the tetragonal phase
BiFe1xAlOs-BaTiOs ceramics.
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Figure 45 Fraction ad distortions 60°U for the rhombohedral phase in
BiFei-xAl xOs-BaTiOs ceramics.

4.3.3 M@sbauer probing of Fe disorder

To investigate structural features at the atomic sédfe M‘Ssbauer spectrometry
measurements were carried out at 77 K. Indéé#eg M‘Jsbauer spectrometry is a
powerful technique to study the structural features of different ir@tiep by
analyzing the hyperfine interactions’Fe . M ‘7ssbauer spectra of
BiFe1xAlxOz-BaTiOsz with x = 0.030,x = 0.060 obtained at 77 K are shown in Fig. 4.

The spectra exhibit the shape of characteristic Zeeman sextets and the absence of a
paramagnetic doublet, indicating that two samples have magnetically ordered spin
structuresat 77 K. The Zeeman sextet is composed of asymmetrical lines, thus
indicating the presence of at least two sites of iron (with different neighborg). Als
two main sukspectra were necessary to account for the experimental results §ig. 4.
In both samples, the isomer shifts correspond to the valence stateren Tab. 4.1.

The first subspectrum with the asymmetrical shape correlated with theesatd
hyperfine parameters involves in the BikePhase . Indeed, the magnetic
behavior is dominated by an antiferromagnetic G type superimposed to-eatgey
cycloidal modulation. This subspectrum could be reproduced by a marro

distribution of the hyperfine parameters such as quadripolar shift or hyperfine field,
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corresponding to random orientation of the spins. The secondpsafrum is
characterized by broad lines and a net decreasing on the value of the hyperfine field
(494 T). This behavior could be attributed to the disorder nature of the super
exchange interactions because of the random substitutiori’dbRs by nonmagnetic

Al®* jons. This second sdpectra becomes more broadened and more pronounced
(59%) in the samip with x = 0.060 indicating an important disorder ofFiens at B

sites.

Figure 4.6 M&sbauerspectra at 77 K of BiRgAlxO3-BaTiOs ceramics withk = 0.030, 0.060.
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Table 41 Mean refined valuesf hyperfine parameters obtained from M&sbauer spectra at 77
K of BiFei-xAlxOs-BaTiOs ceramics withx = 0.030, 0.060

isomer uadripolar
. a _p hyperfine field  Ratio
Sample  Site shift shift B«(T) (%)
Ymm/s OKmm/s hf 0
{ ) Hmmls) ro.5 r2
r0.01 r0.01

x=0.030 Sextetl 0.52 0.01 52.3 74
sextet 2 0.56 0.09 49.4 26
Xx=0.060 sextet1 0.52 -0.16 52.7 41
sextet 2 0.51 0.18 49.3 59

4.4 Ferroelectric propeties of BFA-BT

4.4.1Polarization measurements

The Polarization of BiFeAlxOs-BaTiOs was measured under extrinsic electric field
and reported in Fig. 4. The sample witkx = 0.030 exhibits the highest spontaneous
polarizationPs R | & d@hB remant polarizatiorP: R | & @&Rhown

in Tah 4.2. The enhancels and P; polarization can be ascribed to the fact that the
crystallographic orientation enables the alignment of the polar vectors more
efficiently under applied electric field, contuting to the enhanced ferroelectric
property. According to the analysis of XRD and SEM, a high rati®éfs; and large
distortions of rhombohedral phase as well as dgighsity microstructures, contribute

to the large polarizatiordowever, withthe further increase of Al content(x = 0.045,
0.060) Ps and Pr of BiFei.xAlxO3-BaTiOs ceramics gradually decreased, and the
ferroelectric properties gradually weakened. In addition, the coercive field of all

BiFe1xAlxO3-BaTiOs samples is in the rangd 33-38 kV/cm.
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Figure 4.7 Polarizatiorelectric field P-E) loops of BiFexAlxOs-BaTiOs ceramics.

Table 42 Remnant polarizatioR;, saturatedpolarizationPs, coercive fieldg; of
BiFe1-xAl xOs-BaTiO3 ceramics.

x=0.015 x=0.030 x=0.045 x =0.060

Remnant polarization

26.4 315 20.1 23.4
Pr
Saturatedoolarization
30.8 36.8 26.5 25.3
Ps
Coercive field
38.2 37.5 33.2 37.0

Ec

4.4.2 Electric field-induced strain

Strain of BiFeixAlxO3-BaTiOs ceramics was measured under the extrinsic electric
field and reported in Fig. &. For lowdoped samplet& = 0.015, 0.03Q)bipolar strain
exhibits the characteristic butterfly shape with thigh strain at 0.12% and 0.11%
respectively For samples ok R 0.045, the bipolar straidecreasedignificantly to

at 0.05%. It indicates that the ferroelectric performances of-dthogled samples

became weak, which is consistent with the behaviors of hysteresis loops.
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Figure 4.8 Bipolar strainelectric field &E) loops of BiFeAlxOs-BaTiOs; ceramics.

4.4.3 Current curves

Fig. 49 exhibits the current curves all BFA-BT samples shown. The current pgak
are correlated with the switching of ferroelectric domai@. While for low
Al-dopedsamplesX = 0.015, 0.030), the high value thie current peks may indicate
thelarge portions of ferroelectric domains switched under the electric Tkl low
value ofthe current peaks in high doping samples indicated that only small partio
domain switched With the increasing content of #| the ferroeletricity of
BiFe1.xAlxO3-BaTiOs ceramics gradually became weak so that reduced densities of

ferroelectric domains weaken the current peak.

Figure 4.9 Currentelectric field (-E) loops of BiFe AlxO3-BaTiOs; ceramics.
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4.5 Dielectric properties of BFA-BT

4.5.1 Dielectric constans

Fig. 410 shows the dielectric constantat 10 kHz ofBiFe1.xAlxOs-BaTiOs in the
temperature range from RT to 600 €. The Curie temperaflitg ¢f samples slightly
decreases with the addition of AThe significant trend of the diffusive phase
transition is observed in highly doped samples. The ionic radius®6{®b35 A) is
similar with Fé* (0.645 A) and Ti* (0.605 A) at B sites with the perovskite structure,
compared with radius of Bi(1.03A) and B&"* (1.35 A) at A sites. The substitution of
AI®* contributes to the fluctuating occupation at B sites and then to more disordered
structuresThe M&sbauer spectrum in Fig. 4.6 and Tab. 4.1 also illustratesdine
disorder structuof B siteshecause of the high Al doping, contributing to the

obvious diffuse phase transition.

Figure 4.10 Temperature dependence of dielectric constafs BiFey Al O3-BaTiOs
ceramics at 10 kHz.

Fig. 4.1 shows thedielectric costant Yof BiFeixAlxOs-BaTiOs as a function of
temperatures at different frequencies with 0.015, 0.030, 0.045, 0.06Dhe increase
of Al occupation at B sites contributes to a heterogeneous composition at the atomic
scale. This leads to the obviowdaxation behavior because of the difference between
the intrinsic dielectric effect which occurs from the lattice and the extrinsic dielectric
effect emanating from the domairigased on the previous analysis of microstructural

characterization and ferrleetric performances, it can be considered that the disorder
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degree of B sites in tHRiFe1.xAlxO3-BaTiOs sample also gradually increases with the
increase of A" content ¥ 0 0.030), while the low disorder improves the distortion

of lattices in the unit cell, which can improve the ferroelectricity of the materials.
However, when the disorder degree of B sites is further increasdd (.045), not

only will the growth of cerams grains be inhibited, but the loignge ferroelectric
ordered state in the ceramic will be destroyed (the macro ferroelectric domains
gradually transfer to the nanodomains). Thus, normal ferroelectrics gradually change
to relaor ferroelectrics and thierroelectricity ofBiFe1-xAl xOs-BaTiOs ceramics will
gradually decrease with the increase of*/&lontent. Moreover, higdoped samples

(x 1 0.045) showing the significant diffuse phase transition and relaxation

characteristics.

Figure 4.11 Temperature dependence of dielectric constafus BiFer.xAlOs-BaTiOs with x
=0.0150.03Q 0.045 0.060 ceramics ditO kHz, 100 kHz andlL MHz.

4.5.2 Dielectric losss

Fig. 4.12 shows the dielectric loss tahof BiFerAlOs-BaTiO; samples as a function
of temperatures at 100 kHz with= 0.015, 0.030, 0.045, 0.060Uhe dielectric loss

tan/ in the lowdoped samplesx= 0,015 and 0.030) showed a significant maximum
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RI ORVVHV DURXQG e DW KLIK WHPSHUDWXUH ZKLFK Z
sample from the ferroelectric phase to the paraelectric phase. With the increase of Al

doping content{ 1 0.045), the digctric loss tar of BiFei.xAlxOs-BaTiOz samples

gradually increases with the increasing temperature. There is no obvious maximum of

losses for higkdoped samples at high temperature. According to the analysis of the
long-range ferroelectric state in theghidoped sample (that is, the macro ferroelectric

domains gradually transfer to the nanodomains), the normal ferroelectric phase in the

sample x = 0.045 and 0.060) gradually transfers to the relaxor ferroelectric phase.

Because of the relaxor structureshigh-doped samples, the ferroelectparaelectric

phase transition trend gradually weakens and the maximum of losses does not show

obvious at high temperature shown in Fig. 4.12.

Figure 4.12 Temperaure dependence of dielectric lossesliar BiFe;.«AlOs-BaTiOs
ceramics at 100 kHz.

4.5.3Relaxation behavior of BFABT

I maginary modulus
Fig. 4.13 illustrates the imaginary modulus @&fiFe:xAlxOs-BaTiOs ceramics as a
function of frequencies and at fdifent temperatures. According to phenomenological

models, the relaxation behaviors involved in the modulus plots allow to evaluate

smallest capacitanceés%*?d. For all samples, the imaginary modulusf§ s shifts
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toward higher frequencies on increasing the temperature in agreement with thermally
activated ionic motions. A continuous dispersion with increasing the frequency may
be due to the sherange mobility of charge carriers, which indesitthe obvious
relaxation behavior in all samples. For low Al dopirg Q 0.030) a single relaxation
behavior is detected at low frequencies in the rang6Qf - 200 €. For high Al®*

doped samples, two relaxation behaviors were observed on the whateirec
temperature range. The microstructure of the samples as polycrystalline ceramics
composed by grains and grain boundaries contribute to the electrical and dielectric

behavior.

Figure 4.13 Imaginary modulus of BiFgAlO3-BaTiO; ceramicsas a function of frequencies
measured at different temperatuveith x = 0.015 0.030 0.045 0.06Q
Brick -wall model
According to bricklayer model, the contributions to dielectric functions are
represented by combination of paralledistorcapacitor RC elements which describe
dipolar and charge carrier relaxations in Fig. . In a system with two

parallel RC acuits in Fig. 4.4, if two capacitances are relatively close, there will be
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only one peak on the "plot. Or it will show two peaks when they are significantly
different on the / "Mplot. In general, the dielectric relaxation behaviors resuthfro
both the grain and grain boundaries as well. Thus, two different RC elements are
required for samples with higher 3Alcontent x = 0.045, 0.060), which is consistent
with the two different contributiondn general the capacitance of ceramic grains and
grain boundaries will be affected by the grain boundary thicktiessl grain size D,

the formula is as follow&>®:

1/5 A) X
Yix  Ayx v

«

Where Cg represents the capacitancetloé bulks Cqp represents theapacitance of
the grain bound&s Kg and Kgp are the constants related to thelks and grain
boundaies respectivelylt illustratesthat the grain size and the thickness of grain
boundatesin the ceramic will affect the capacitance of the grainnoleuwes andthe

grairs, thereby affecting the dielectnielaxationresponse of the ceramsic

Figure 4.14 Imaginary modulus of BiFgAlO3-BaTiO; ceramicsversus different frequencies at
room temperature and the model of plataRrC circuits.

In D IRUPHU SDUWD QWX H RveUHlidedl to account for two kinds of
relaxation behaviours BiFe1.xAlxOs-BaTiOs ceramics. In order to further verify the
differenceof the capacitancéetween grains and grain boundarteg EDS technique
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is usedFig. 4.15 depicts the EDS spectra of the samples with0.015 andk = 0.045.
Prior to the characterization, the samples were etched in order to prevent the impact
from the thermal corrosion which is detrimental and can resutieimdugh surface of

the tested sample3he element composition of spot 1 and spot 3 in grains of
0.015 andx = 0.045 were detected, which is close to the stoichiometric ratio of
samples.However, the Bi element in spot 2 and spot 4 was higher than the
stoichiometric ratio.lt probably can be attributed to the formationtbé second
rich-Bi phase was formed surrounding grain boundamndsch thenresuls in the
difference of capacitance between grains and grain boundaries. In lawpAd
sample X = 0.015), the portion of the second rHBh phase in grain boundaries was
small, exhibiting one relaxation behavior. For the sample with highetopéd
concentrationX = 0.045), the amount of the second figihphase in grain boundaries
became high, whichannot be ignored. The sample exihibited thifterentdielectric

relaxation behaviors, attributing to thffects ofgrairs and grain boundas

Figure 4.15 SEM patterns andistribution of grains and grain boundaries in
BiFeixAlxO3-BaTiOs ceramics(a) x = 0.015 (b) x = 0.045

Activation energy
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The activation energies of the relaxation processes are shown in Eigndl.tan be

evaluated by using the Arrhenius law:
BRLBATIF' 5 -,6; « 2

The pe-exponential factor i, the Boltzman constant - ,, the activation energy

' ¢ for the hopping mechanism and the absolute temper&urke activation energy

Ea (0.680.81 eV) of the first relaxation behavior is attributed to the graimdanry

effect at low frequencie@. TheBiFerxAlxO3-BaTiOz ceramics withx = 0.045 and

0.060 show a second relaxatiprocess at high frequencies with an activation energy
Ea (0.350.36 eV) attributed to the bulk (grain) effect of materials. Grain boundaries
require higher activation energies than the grains for electrons hopping in the network.
High-doped samples showhd obvious segregation between grain and grain
boundaries, contributing to significant differences in the dielectric relaxation related

to the grain and graiboundaries.

Figure 4.16 Activation energies of BiReAlxOs-BaTiOsz (x = 0.015 0.030 0.045 0.060)
ceramics.

4.6 Conclusiors

In summary, conventional solstate reaction was used to synthesize a series of
Al-doped BiFexAlxOs-BaTiOz ceramic samples. The sample composition was

optimized by tuning the Al content. Witheahdoping contenk = 0.030, a highest
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spontaneous polarization and remnant polarization can be achieved at the8@a8ues

& FPPDQG 28 relBrectively.The interplay of ferroelectric and dielectric
propertiesvere also studied in details atiee main results are summarized below:
(1) A highdensity microstructure decreases the leakage current of
BiFeixAlxO3-BaTiOz. According to the XRD refinement results, igh 7/ =
enhances the distortion of lattices under an applied electric field, which improves the
polarization We also found that the large distortion and the high fraction of the
rhombohedral phaplayed essential role in the strength of the ferroelectric behavior.
(2) °'Fe M‘§sbauer investigations indicated that the disorder &f Was increased
after Al doping. By substitution of more nonmagnetié*Ah the crystalline host sites,
a spectralcomponent in the Mdé&sbauer spectrum became broad due to increased
disorder at B sitesMoreover, the valance state of*Fevas proved by the N8sbauer
spectrum to be stable even if the Al ions are substituted in the near environment.
(3) The incorporabn of Al ions in the host crystalline sites contributes to a diffuse
phase transition BiRgAlxO3-BaTiOz as shown by the evolution of the dielectric
constants versus temperatures. In particular, a high Al doping induces fluctuations of
the occupation oB sites and then strengthen the disorder in the samples at atomic
scale as inferred from M&sbauer spectra.
(4) Highly doped samples give rise to two distinct dielectric relaxatiemaviors
emanating from the effects of grains and grain boundaries. Ehgent segregation
was pointed out by EDS characterizations and correlates with a higher capacity
difference between the grains and grain boundarFiesrefore, two kinds of dielectric
relaxation behaviors are involved. Thus, the relevance of Al dopingFi-B3
structures is clearly demonstrated through the modulation of the crystalline phase, the
microstructures of the ceramics and their ferroelectric responses. The potential

application of the doped ceramics is a matter of further developments.
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Chapter 5 Microstructures and properties of <001>
textured Ga doped BiFeQ-BaTiO3 (BFG-BT)

5.1 Introduction

For several decades, the PZT (lead zirconate titanate) family has been the icon of a
large class of technologically important piezoelectric materialswide set of
investigations are currently developed on PZT in the piezoelectric scientific
community irrespective to the environment conceH1 . This is a serious
drawback of PZT which faces nowadays to global restrictions due to toxic Pb element.
Thus it is crucial to develop ledrke substitutes as technologically analogous

alternative to PZT. In the light of such context, an extensive attention has been

124

diverted to sustainable ledike piezoelectric material&.08 109

A relevant approach to achieve high piezoelectricity is to place the stoichiometry of
the material to thenorphdropic phase boundary (MPBiu et al. invetigated the
Ba(Tio.8Zro.2)Os-(Bao..Ca3)TiO3 compound possessing a giant piezoelectric
coefficientdss (620 pC/N) and analyzed theRET (cubictetragonalrhombohedral)
triple point of the MPBH. However,an ultra-low Curie temperatureT¢c = 93 C)
within this system still hampered it to cope with practical applicatinparticular, a
large electromechanical strain at the high temperature is essential for
high-temperature piezoelectric actuator applications. A recent report paid a great
attention to the higiperformance BaTi®@Bi(Mgui2Tii2)03-BiFeO: (BMT-BF)
ceramicsshowing a highlyeffective piezoelectric constadss* of 799 pm/V for the
V-doped samples an@lc remained more than 46(I3°. Nevertheless, Moped
BMT-BF has not attracted noticeable attention due to the environmental concern on
the toxic vanadium based oxides. Recently, Kbd¢ed materials showed a giant
piezoelectric constant 57pC/N, but the Tc remained less than 2003. An
improvement was achieved by Wu et al. with the formulae

X iy)K wNawNb -ShOs ixBiFeCs iyBio.sNaosZrOs where a gant piezoelectric
coefficientdss of 550 pC/N and a highefc to 237C were realize. Although a
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high performance andc of leadfree materials were achieved, it is particlylar
difficult to ensure a mass production of such complex compositions for a practical
application. For instance, a large piezoelectricttys € 402 pC/N) together with a
high Tc (454 °C) have been reported inB2GaQ BaTiOs (BFG-BT) ceramics. This
makesBFG BT material systems as promising |eaee candidatefﬁ. However,
lower piezoelectric performances (less than @GON) had also been noticed toward
the same composition, which can be ascribed to the tiny difference of traditional

solid-state methodMeanwhile, extensive studies have also been reported to improve

the piezoelectric performance of leide materials by sajel [*26128, spark plasma

129131 |aser sinterin¢132 133 " two-step sintering method and so [&#*%]. However,

the improvement of preparation methods was not significant to enhduece t
piezoelectric constant.

With the development of the processing route relative to <001> textured polycrystals,
the electriefield-induced strain of leaftee ceramics was comparable to typical
actuatorgrade PZT. Crystallographic texturing of piezoelectceramics can be
achieved by a reactive template grain growth (RTGG) proselsigh allows the
utilization of inherent anisotropy in materjaloperties. Meanwhile, the application of

domain engineerings also potentially capable to address the afor¢ioresd

challengesn modified BFbased ceramicg®*!44. In light of the concept oflomain

engineering, a significantly enhanced piezoelecagponse could bexpected in the
highly textured rhombohedral structure.

In this chapter, textured BFBT ceramics were studied for the microstructures and
ferroelectricity via the reactive template grain growth method. Microstructures and
nanodomains were systematicallwestigated by SEM, EDS, TEM measurement.
The oriented grains and distortion of the rhombohedral phase contributed to the
excellent ferroelectric properties of the textured sample. The BF&xtured sample
exhibited superior electrfield induced strairat high temperature, this* at 180 €
achieved 685 pm/V. This work provided the important guidance for the application of

leadfree piezoelectric materials in the high temperature range.
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5.2 Synthesis of textured and untextured BFE&T ceramics

Templatespreparation

Platelike BT particles were synthesized by topochemical reaction method with the

processing protocol described in previous rep8f%). BisTizO12 particles were first

synthesized by reacting £z with TiO2 in NaCl/KClI flux at 1120 € for 1 h. Second,
BaBisTi4O15 particles were formed by reacting thesBiO12, BaCQ and TiQ in
BaCL/KCI molten salts at 1080C for 1 h. The compound BaHiisO1s were washed

with the deionized water and the pure pléte BaBuTisO15 particles were then
reacted with BaC®in KCI flux at 950 € for 3 h. The Aurivillus structures of
platelike BaBisTi4O15 particles were transformed to tiptatelet [0014 BT templates

in the moltersalt process. After removing the salt inside BT templates, the redundant
Bi-Os was also thoroughly removed by washing templates with 3 M #dition.
Finally, plateletlike BT templdes were obtained with lengths/widths around 5 P
andthicknesses about 6.5 P

Preparation of BFG-BT ceramics

Textured 0.6Bi1.osFe.97Ga.0€03-0.33BaTiOs (BFG-BT) ceramicswith 5 wt.% BT
templates were synthesized by RTGG process. drank comparison, randomly
oriented BFGBT ceramicswithout any BT templates (randost BFGBT) were
synthesized by a conventional se$ithte method. Taking BaTi&omposition into
consideration, randomly oriented BRI ceramics with 5% BT templates (rand@m
BFG-BT) were also prepared by the same setate méiod without tape casting.
Powders of BiOs, FeOs3, Ga0s, BaCQ and TiQ were used as the raw materials,
and 5% excess BD; was added into the composition for the compensation of
bismuth loss during sintering. For the RTGG process, the calcinedBEBRH@wders

were mixed thoroughly with triethyl phosphate as a dispersant in a solution of an
ethanol and methyl ethyl ketone (MEK) by ball milling for 0.5 h. Polyvinyl butyral as
a binder and polyethylene glycol/diethidphthalate as a plasticizer were addeth&®
mixtures and then ball milled again for 3 h. BT templates were added to the mixtures

with 5 wt.% content to form tape casting slurry. This processl@dgreen sheet with
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D EODGH KHLJKW RI P DW D UDWH RI P PLQ $IWH
stacked, laminated at 75 € and 70 MPa for 0.5 h to form -tlisk samples of

diameter 12 mm. The disk samples werendaxed at 550 € for 6 h and therganics

were removed by heating the samples. Then the samples were sintered at 1010 € for

5hin air.

Material characterizations

The microstructures of the samples were examined with a FESEM (Hitachi S4800).

The crystalline structures of samples wemvestigated by XRDusing an
Empyrean3DQDO\WLFDO HTXLSPHQWOO Qpevatkglat 40D QOJH R | f
mA with Cu K=9q | L s&vr®p and Cu K=t (I L savvv® lines. HR-TEM

observations were carried out using a JEOL ARM200F instrument operated at 200 kV
accelerating vahge. The polarizatieelectric field P-E) hysteresis loops and the
electricfield-inducedstrain of textured and random BFES ceramics were measured

by a modified Sawyefower circuit at different temperature (10 Hz, TF Analyzer

2000, aixACCT Systems Qohl, Aachen, Germany). The dielectric permittivity and

loss (tan) of the ceramics were measured as a function of the temperature using an

impedance analyzer (Agilent 4192A).

5.3 Structural and organization of BFG-BT phases

5.3.1 Microstructures

Fig. 5.1(a}(c) show the backscattered electron microstructures (BSEjaofufed

surface microstructures of random and textured ceramigs5.1(d) shows the grain

sizes and relative densities of these samplasH DYHUDJH JUDLQ fafL]JH LV DEF
the randordl sample. However, with the addition of BT templates, the gsmie
GHFUHDVHY UDSLGO\ G RZAQd wwkRired sampl€s. D R 16aR &hd

(b), the large grains like BT templates in rand@nand textured samples could be

observed. As a result, the mass diffusion of Bi, Fe, Ga elements contributed to the

reaction of BT templates and matrix powders, forming the large grains similar to

templates. The size of large grains is close to that of BT templates shown in Fig. 5.1(b)
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and (c), which is about 8P UHSRUWHG LQ w@q AR ViirKiektire® L W H U D W X
sample, these matrix powders grew along to <001> orientation of BT templates,

forming the orientedrgins.

Figure 5.1 BSE microstructures of BFBT samples, (a) Randefhsample, (b) Randoi
sample, (c) Textured sample) Grain sizes and relative densities of BBG samples.
Fig. 5.2 showghe EDS measurement to clarifyetlelement distributionf abnormal
large grainsin textured samplesThe contents ofBa®* and Tf* elements arenuch
higher in the % and ? areasin Fig. 5.2, indicatingthat BT templatesdid not
disappear completely in the grains after sintering. Thewth of some matrix
SRZGHUV ZDV UHGXFH Gsia% BT templateFRithéOté&xtikH system,
although the growth of most grains was inhibited, these matrix powdergreul

along <001> direction surrounding <001> templates, forming the odigné&ns.
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Figure 5.2 SEM patterns andistribution of elements of textured BF&T ceramics.

5.3.2 Structural features and thermal evolution

The XRD patterns of the textured samples, which were prepared with different
sinteringmethod, are presented in Fig. 5.3. Generally, sintering time should not be
lower than 5 h as required time for a matrix to evolve the templates. It is noteworthy
that the orientation factor of the samples will not show further increase, even if the
sinteing time is as high as 10 h. Therefore, the sintering time of 5 h is considered to
be ideal to achieve the most oriented textured sample. The quenching process is also
verified to be inoperative to enhance the orientation. By comparing the XRD patterns
of the template and textured samples, one can see that the introduction of BT template
contributes to the oriented crystal growth, but it does not alter the crystal structure of
the samples. In the following study, the textured samples are investigatedeadtgr

sintered for 5 h.
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Figure 5.3 XRD patterns of textured BRBT with different sintering methods

The Rietveld refinement of XRD patterns was conducted to clarify the crystalline
phase featuredt is obvious that textureBFG-BT materials show a <09 orientation
factor compared with randomlyriented materials, reaching 66.3%, i.e. the texkure
degree computed by Lotgering factor method, in Fig.@AThe orientation grains
contributed to the reduction of the misorientatiomlanin the textured samplén
agreement with our recent WO@, optimal fits of theXRD patterns were achieved
using a combination of the space grolg&c and P4Amm in Fig. 55(a)(c). The
reliability factor Ry WKH VXEVFULSW 3ZS° PHDQV B3ZHLJKWHG
composition is about 10%, indicating a high relevance of the refineniéet.
rhombohedral phase fraction of textured ceramics (98%) is hidtzr that of
randoml (87%) and randof2 samples (81%)The textured sample has the same
components with the randethsample, however the arrangenseott their templates
were different. Templates reacted with the matrix of ceramic powders during the
processof sinteringThis reaction may be influenced by the arrangements of their
templates. Finally,hte portion of R3c phasen the textured ceramics was higher than
that in randomlyorientedsamples It is known that the rhombohedr@Bc phase is
polar as it$ also but weakly for the tetragonal phase is weakly polar phas&igrh
distortion and the high amount of the rhombohedral phase in textured ceramics
enhancing the polarization
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Figure 54 XRD patterns with Ritveldrefinement of different BFGBT samples(a) Randorl
sample, (b) Randoif sample, (c) Textured sample

In order to explain the differériraction of the rhnombohedraR3c phase in different
BFG-BT samples, Fig5.5 shows the model of the grain growth process fiéreint
BFG-BT samples during the sintering process. For rdmedoml sample without
BaTiOs (BT) templates, there are certain differ@ompositiors from the other two
samples withaddition of BT templats, so that there is a certain differdraction of
the R3c phase. As shown in Fig. 5.5(a), the grains inrdre@lom1 powdergrow up
through absorbingmall grainsgventually result in the large grain sizes shown in
Fig. 5.5(b), the BT templagein random2 powdes are randomly arranged and the
procesf grain growthis hindered by BT templateresulting in a smaller grain size
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in the sampleAnd BT template also reactd with some green powders, affecting the
R3c phase of grains to a certain extent. As shown in%:ig(c), the BT templagain
the textured powdes are oriented bytapecasting. During the sintering process, the
BT templats could sufficiently react with most BF&BT powdes. The grainscould
grow along the direction of the BT templat&@he grain growth of texturel powders

in Fig. 5.5(9 is divided into two categorie$he first type is thaBT templates serves
as a seed to provide driving force fibre grain growth. Element diffusion occurs
between thepowders and the BT template§he grain grows along the <001>
orientation of the terptes with the smaller size, the grain growth of thextured
BFG-BT sample belongs to the first category. The second type is that powder grows
epitaxially along the templagé¢o form largergrains than templase Such largesized
grains can be observed taxtured PMNPT ceramiceEgl. Although the random2
sample maintains the same composition astekeired sample, theeactivedegree
betweenBT templats and the powderleads to a certain differérdraction of the

rhombohedal R3c phase.

Figure 5.5 Model of the grain growth process of different BBG samples(a) Randorl
sample, (b) Randot@ sample, (c) Textured sample.

Figure 5.6 shows the XRD patterns of the textured and untextuaediofl)

BFG-BT samples. Compared to thrandoml sample, the XRD of the textured
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sample shows the different intensity. According to the Lotgering method, the <001>
orientation degree of thextured sample is 66.3@. The oriented grains in the
textured sample help teeduce the angle between the external electric field and the
direction of spontaneous polarization and reduce the stress difference between
adjacent grains, which is more conducive to domain switching under the electric field.

Thus, oriented grains furth@nprove the ferroelectric properties of textured samples

Figure 5.6 XRD patterns of textured BFBT and Rindom1 samples.

Thereis no phase transition from ferroelectric phase 8¢ and P4Amm phases to
paraelectric phase with cubic structure up to 300 € as supported in F@)¥c).

The ferroelectric response of samples is well ensured at high temperature. I8,Fig. 5.
the XRD results at different temperatures indicate only a slight increase of the
structural parametersg, a of the unit cell in the rhnombohedral phase) because of the

thermal expansion.

Figure 5.7 Evolution of (100), (110), (113peak position o&ll samples from room
temperature to 300 €
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Figure 5.8 Variation ofa as a function of temperature of the rhombohedral phase in random
and texture®FG-BT samples
The magnitude of the thermal expansion doefhts were calculated by the following

relation:
N 5 x0
— «
LP L 5 ]

Here ap is the initial lattice parameter, which can be used to estimate the thermal
expansion coefficientLP at different temperatures shown in Fig9.9n general, the
linear thermal expansion coefficient lgfad piezoelectric ceramics is located at the

10% order of magnitude, whereas it can approacl? 16 some BiFe@based

ceramicd**3**4. More precisely, (P was estimated to be lower than 3 x3for all

the considered samples.

107



Chapter Microstructures and properties of <00textured Ga doped BiFefBaTiOs (BFG-BT)

Figure 5.9 Thermal expansion of lattice parameter a as a function of temperature in random
and texture®FG-BT samples

5.3.3 The structure of nanodomains

Fig. 510 reports TEM bright field images showing the domain configurations of
textured ceramics. Stridike domains, composed of higlensity nanodomains with

the size about 2.4 nm, are clearly observed in texturedlsaifipe highresolution
transmission electron microscopy (HEEM) imageof lattice fringesin Fig. 5.11(a)
demonstrates good crystalline quality of textured sample at the nanoscale. Fig.
5.11(b) shows the SAED patterns taken from the grain in Fid(&.1Lattice planes
(128), (108, (226) and interplanar distarxcare consistent with the standard PDF
card R3c phase). It also confirms the rhombohedral phase structure of the textured
sample, which is in accordance with the Rietveld refinement resulheofXRD

patterns.
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Figure 510 TEM bright field images of domain configurations of textuB#(>-BT sample

Figure 5.11 The HRTEM image of textured BF®BT sample, (a) lattice fringes, (b) SAED

paterns from lattice fringes.

The distribution of nanodomains in all samples are shawrFig. 5.2 where

untextured samples exhilféw nanodomains in the unit area. It has been reported that

the highdensity nanodomains in textured sample is adequatehinea the electric

field-inducedstrain

25

102

. Since the nanodomains with low domain wall energies are

favorablefor domain wall motions under an applied electric field.
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Figure 512 TEM bright field images of domain configurations of BIB& samples at room
temperature, (a) Randeinsample, (b) Rando# sample, and (c) Textured sample.

5.4 Ferroelectric properties versus temperatures in BF&BT

5.4.1 Polarization measurements

Fig. 5.13 illustrates the polarizatieelectric field P-E) hysteresis loops at different
temperatures at 10 Hz. Randdrmsample showed higher remnant polarizatiBy) (
and coercive fieldKc) than other two samples below 90 The high leakage current

in random1 sample resuddin thebreakdown at high temperature.

Figure 5.13 Polarizatiorelectric field P-E) hysteresis loops of BFBT ceramics measured
at different temperatures.

Fig. 5.4 shows the remnant polarizatiéh of three sample at different temperatures.
As for textured sample, th/ WDEOH UHPQDQW S RODdintaind R Q
with increasing the temperature, higher than that of randoMDP SOH 3. & FP
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The stable ferroelectric domains contribute to the stable remnant polarization at
different temperatures. The configuaat of nanodomains enhances the polarization
of textured sample under an extrinsic electric field with increasing temperature,
compared with randof2 sample.On the other hand, an easy movement of
nanodomains in textured ceramics lowers the coercive fietd increasing the
temperature. The hysteresis loop of randbrsample becomes unusual at 180 €
because of the high leakage current. For perovskite materials, the major intrinsic
defect is the oxygen vacancy which supplies the charge carrier for tlagéealrrent
under applied fieI. However, polarization of textured samples could restable

until 180 € as a consequence of a low leakage current, which means that oxygen

vacancies get decreased.

Figure 5.14 Different rennantpolarizations?; of BFG-BT samples with increasing temperatures.

5.4.2 Electricfield-induced strain

Fig. 5.15(a)-(c) show the unipolar strain amdz* as a function of the temperature of
random BFGBT and textured BFEBT. The latter sample shows a unipolar strain
reaching 0.27 % under 40 kV/cm and 180 €. Fig. 5d)5¢hows theeffective
piezoelectric coefficientdss from the results in Fig. 55(a)(c). The effective
piezoelectric coefficientlss* increases with increasing the temperature and remains
rather high at 690 pm/V from 150 €Cto 180 €, manifesting substantial
piezoelectricity It is shown that the unipolar strain of textured sample doubles that of

random2 sample in Fig. 5.15(ajvhich was reported by <001> textured PN
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ceramics at room temperat . Usually, the high strain of ferroelectric tagals

originates from the intrinsic piezoelectric strain caused by the lattice distortion and the

extrinsic piezoelectric strain caused by domain switc

il

j48

. As for the textured

sample the high distortion of the rhombohedral phase as well ag#sy rotation of

oriented domains contributes tioe large displacement in the external electric field

with increasing temperature. But for randémand

randor2 samples, the

configuration with low fraction of rhombohedral phase and random domains leads the

small displacemeniThe nanodomains of textured samples are also favorable for the

domain motionproviding an enhanced electrostr@n

Figure 5.15 Bipolar strairelectric field (SE) loops of BFGBT samples, (a) Randofn
sample, (b) Randot sample, (c) Textured sample. (d) Effective piezoelectric coefficient
d33* of BFGBT samples with increasj temperatures.

Fig. 5.16 shows thBma?-P?2 of BFG-BT samples recorted at different temperatures at

40 kV/cm.We could obtain the unipolar straif, 4 from the remnant and maximum

polarization as follows:

Saol moeF 5L 325sF32L 3:2%sF 2°; «

WherePmax is the maximum electriield-induced polarization anB; is the remnant

polarization vihhich remains stable with the temperature variation in textured ceramics.

However, the value dPmax increases with increasing the temperature resulting in the
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high 5,4 which is consistent with a high electromechanical stdgéh It is found
that tre (3° , F 2°; in Fig. 5.6 follows the same tendency as tHe* in Fig.
5.15(). Thus, the configuration of nanodomains enhanced the polarigtigander

an extrinsic electric field with increasing temperature.

Figure 5.16 Pma?-P/? of BFG-BT samples recorted at different temperatures at 40 kV/cm.

As shown in Fig. 5.7, thedss* of textured sample at 10 kV/cm was close to that in
Fig. 5.15(d) at 40 kV/cm, since nanodomains and oriented grains contributed to easy
domain wall motion even under a low electric field. The domains switching and
domain wall motion for randoffh and randor2 samples were more difficult at lower

electric field which limit the piezoresponse.

Figure 5.17 Effective piezoelectric coefficientss* and Pma?-P?2 of BFG-BT samples
recorted at different temperatures.
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5.5 Dielectric properties of BFGBT

5.5.1 Dielectric constans

Fig. 5.18(a)-(c) show the temperature dependence of the dielectric losses in the
random andextured BFGBT materialsfrom 100 Hz to 100 kHz. Theandoml
sample exhibited the highest dielectric losses, that ig,it@neased quickly when the
measurement temperature was above 100 €. The first peak of the dielectric constants
in random1l sample, is consistent with the involvement of oxygen vacancies as
reported in other random BiFe®aTiOs system. The second dielectric peak
demonstrates a dielectric relaxation features with a wide distribution of relaxation
frequencies in all samplegVith the introduction of BT templates, the first peak is
absent in rando? and textured marials attributing its origin to the weak
contribution of oxygen vacancies, which was consistent with the hysteresisltaeps.
worth noting that the dielectric constant peaKmabf all samples increases to the high
temperature as frequencies increasdich especially shows the typical relaxor
ferroelectric nature with the addition of BT templates in Fig.8@Jt(c). Such
behavior can be attributed te disorder of the composition with the addition of BT

templates.

Figure 5.18 The temperature dependence of the dielectric constant as a function of
frequencies ofhreesamples
Fig. 5.19 shows the temperature dependence of the dielectric constant of random and
textured BFGBT ceramics as 10 kHRandoml sample exhibits # highvalue of
maximum dielectric constantTm). With the addition of BT templatesTm of
random2 and textured samples declines due to the disorder of lattiitbsthe

addition of BT templates
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Figure 519 The temperaturdependence of the dielectric constant of random and textured
BFG-BT ceramics as 10 kHz

Fig. 520(a)(c) show the temperature dependences of the inverse of the relative
dielectric permittivity for the random and textured BBG materials. At
temperaturesbove their Burn temperaturé$s), the dielectric responses of three
samples obey the Curi&eiss law, corresponding to a paraelectric phase. For the
textured samplels = 480€C is higher than that of randefin (449€C ) and randon®
sample (463 ). The hgh density nanodomains in textured sample may 3hitio
higher valuesHowever, the dielectric constant of all samples could not obey the

normal CurieWeiss behavior belows.

Figure 5.20 Temperature dependence of the peatal of relative dielectric permittivity of
BFG-BT samples, (a) Randethsample, (b) Randot® sample, (c) Textured sample.

Thediffuseness which obeys to a scaling law with a universal critical exponent could
be estimated as function of the sample festun Fig. 21. The modified empirical

expression proposed by Uchino and Non‘@is as follows:
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@YAF @;-AL #:6F 6 ; «

Where Y is the maximum value of the dielectric constant a@id A is assumed to

be Curielike constant, Urepresents the critical exponent of diffuseness and ranges
from 1 for a normal ferroettric to 2 for an ideal relaxor ferroelectric. The degree of
random2 sample (U= 1.98) and textured sampldJE 1.88) were higher than that
from the randorl sample (J= 1.63).The incorporation of BT templates increases
the disorder of the host latdcand induces a diffuse character to the phase transition.
The broadening of the dielectric peak was also related to the use of BT templates

which enhanced the shadnge lattice stictures.

Figure 521The Z'% YF s ¥) versus Z ‘' % F 6,) curves at temperatures abovgof
BFG-BT samples, (a) Randoethsample, (b) Randot sample, (c) Textured sample.

5.5.2 Dielectric losses

Fig. 5.2(a)(c) show the temperature dependence of the dielectric losses of random
and texured BFGBT materialsfrom 100 Hz to 100 kHz. It was observed that the
random1 sample exhibits the highest dielectric losses, that ig,it@neased quickly
above 100 €. As the first peak of dielectric constants was attributed to oxygen
vacancies as ported in other random BiFe@aTiOz system, this assignment is

also consistent with the behavior of high dielectric losses in raridsample.
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Figure 5.22 Temperature dependence of dielectric losse8ltrifferent frequencies of
BFG-BT samples, (a) Randefhsample, (b) Randot? sample, and (c) Textured sample.

5.6 Conclusiomns

In summary, the microstructures and parfances were systematically investigated
over the randomly oriented samples doped with BT template and the textured sample.
The BFGBT textured sample exhibited superior elecfrédd induced strain at high
temperature, i.edsz* = 685 pm/V at 180 €. Thissalue is twice high compared to that

in the untextured sample in the same measurements conditions. Detailed conclusions
are summarized below:

(1) The oriented rhombohedral phase and the -tagisity of nanodomains play
essential roles in upgrading theastr of the textured products. In addition, the low
energy barrier induced by nanodomains was found also prone to reduce the coercive
field. The remnant polarization of the textured sample was stable at& F Bt the
temperature from roostemperature ta80 C.

(2) Extra configuration of nanodomains enhanced the polariza@es in the
extrinsic electric field with increasing the temperatUiee dzs* of textured sample at

10 kV/cm was close to that at 40 kV/cindicatingthat nanodomains and oriented
grains contributed to easy domain wall motion even under low electric fields. Thus,
textured sample shows the high elecfigdd induced strain compared to untextured
samples.

(3) The introduction of BT templates enhanced the diffuse degree of the ceaatic,

the Burn temperature of the textured sample reaching 480 € due the involved
high-density of nanodomains. The dielectric losses decrease in the textured ceramic

which provides more stable performances at high temperature compared to the
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pristine sam.
This study revealed that the novel textured system is a promising solution to enhance
efficiently the ferroelectric properties for promising applications in piezoelectric

actuators working at high temperatures.
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Chapter 6 General Conclusions andPerspective

6.1 Conclusions

The first part of the presented work was dedicated to PSL{ZH& ceramics with
different compositions and fabricated by the conventional -sbdite reaction method.

The ferroelectric performances with softenimardening éatures were also realized

by modulating the La/Fe ratio. By adjusting the sintering temperature, phase
structures, microstructures and electric properties were systematically analyzed in
PSL(ZThx-Fec samples with an emphasis on the softesiiagdening tansition and

the specific features at different doping ratios.

In a second contribution, BiFeAKBaTIOz (BFA-BT) systems were investigated for
their ferroelectric performances along with environmental friendly-tesel materials.

The synthesis was germed by the conventional solstate method. Doping was
carried out by using Af ions to ensure the optimized performance in zad
BFA-BT materials. Exhaustive investigations and their analysis were performed to
shed light on the microstructurediglectric and ferroelectric properties of the doped
BFA-BT systems. On the other hand, the reactive templated grain growth method
(RTGG) was utilized to synthesize textured BiFe@8ATiOs (BFG-BT) leadfree
ceramics. The realized textured samples revdaaet@r performances illustrated by an
enhancedelectric fieldinduced strain twice high compared to thatuntextured
materials.The main achievements of this PhD thesis work are summarized below:

(1) PSL(ZThxFec ceramics were investigated in detailsithw respect to
microstructures and piezoelectric properties highly dependent onthddpéng ratio.

The structural features phase of samples with the features of a tetragonal phase and a
coexistence of the tetragonal and rhombohedral phailke increasing Fé&*
concentration. Specifically, when La/Fe ratio surpassed 1 (soft doping), the
polarizationelectric field P-E) hysteresis loop shows apparent highly saturated,
being indicative of soft materials. In this situation, the strain of the sample was larg

and revealed the high hysteresis because of the easy switching of ferroelectric
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domains. It is noteworthy that the sampte=(0) revealed the optimizeplezoelectric

constant of412 pC/N and dielectric constant up th48Q By increasing the Fé&

conten as La/Fe Q 1, the polarization shows pinning effects which manifests

through the doubl®-E hysteresis loop with low strain and hystere3isis behavior

is indicative ofhard materialsMeanwhile,mechanical quality factd@m achieved its

high value at 500. Compedt with the strain induced by switching of domaimsoft

materials, the strain in hard materials exhibits low values. After poling hard materials

defect dipolesPp and spontaneous polarizatid® aligned along the electric field

leading to higher polazation and strain.

(2) The temperature dependence of piezoelectric propelitiePSL(ZT)y-x-Fe,

high-ratio La/Fe (soft)samplesevidences the temperatestable electromechanical

coupling coefficientK, and Qm. The latter factor in hard sampleg§creases

substantially at high temperature as a consequence of the impedance decrease at the

resonanceThe proposed mechanism is based on the mobility of oxygen vacancies

which minimizes the impedance of hard samples at high temperalhissapproach

open the way for piezoelectric actuators required for applications at high

temperatures.

(3) For BiFe1xAlxOs-BaTiOs (BFA-BT) system, thespontaneousPs and remnant

polarizationP; of x UHDFK WKHLU KLJKHVW?2¥T@XHV DW RI
& F?Prespectively. The corresponding sample shows a high distortion of the

rhombohedral phasas well as a high?/ = ratio when an electric field upraises the

polarization M ‘§dauerinvestigations revealed that a high Al dopicauld induce

enhanced disorder of atoms at the B sifes consequence, the second $dbauer

subspectrum broaden with increasingpnmagneticAl doping ratios and then

increases the disorder in B sitédeanwhile the samples withhigh AI** doping

revealed significantly the diffused phase transition in agreement with the analysis of

M ‘§sbauer spectra. From dielectric measurements, the sample with high Al doping

ratios showswo distinctdielectricrelaf DWLRQ EHKDY LRADW O'K PIRGHIQ ZND V

used to analyze the different relaxation profiles by contributions from grains and grain

boundaries.
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(4) <001> textured BiFeGaéBaTiO: (BFG-BT) ceramics were fabricated lie
reactive templated grain growtfihe textured materialshow superior ferroelectric
performances in higkemperature compared with untextured ceramkSicient
piezoelectric constantdss* of 685 pm/Vat 180 € was achievedn the textured
sample For the textured samplesanodomainsower the energy barriers of domain
walls and favors the easy switch dbmains.Moreover,textured samples revealed
temperaturestable polarization which almost retained at 17 C/cn? from
roomtemperature td80 €. At high temperaturethe easy mobilityof nanodomains
contributed to a partidPmaxin the textured samplalong with a low coercive field in
textured ceramicsThe high fraction of the rhombohedral phasatributed to large
displacement in the sampleBhus, ds3* of the textured samplesveaéd the same
tendency versus temperature in the low electric field and high electric field.
Meanwhile <001> orientation of textured samplesducedangles between the
electric field and spontaneous polarizatiamd decreasestressamong grainsOwing

to effects of microstructuresiovel textured samplevealed excellent ferroelectric
propertiesat high temperaturélhis research opens the development window for the

application in hightemperature ferroelectric actuators.

6.2 Perspective

PZT and BFBT ceramics were investigated and innovative ferroelectric properties
were achieved. The approaches combine hard and soft doping through the ratios
La/Fe for PZT and Al doping along with the use of templates to realize textured
ceramics. The microstructures,ystalline phases and sintering conditions were
modified to modulate the ferroelectric responses. Consistent analyses were developed
and discussed on the two families of efficient ferroelectrics but some relevant issues
are also deserved to further focustlba considered systems.

S'HIHFW @&bdeR¥asidiscussed on the PZT doped systems based on the
analysis of electrical propertias poled and unpoled states. To define the local
coordination, the concentration and the local electronic strucfudefects such as
Feri or Fei-Vo, EPR technique is a powerful method to determine the above features.
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Moreover, plarized Raman microprobe spectroscopy is also an attractive tool for
assessing microscopic domain orientation in unpoled and poled PZTicerdine
results of electric properties will be more convincing through the direct detection of
domain switching by polarized Raman method.

(2) In BE-BT leadfree system, it is relevant to analyze whether other ion doping can
cause the diffused phase tsdion and relaxation behavior§herefore, doping
engineering by selected species may optimize the performance-BiT Bffstems.
Moreover,Ramanspectra are sensitive to the lattice structure and structural defects of
ferroelectric ceramics. In the futyrBamanspectra can be used to analyzing phase
structures and structural disorder induced by defects in doped ferroelectric ceramics.
(3) Since ferroelectric performances and their stability at high temperatures depend
highly on the synthesis route to real textured samples, the structural and
morphology of BT templates and the sintering process are worthy of interest . The
optimization of the piezoelectric responses can be achieved by increasing the densities
of textured ceramicd he dielectric relaxabn behaviors in textured BFBT systems

are relevant as well as their analysis in correlation with the microstructure and grain
morphology of the ceramicginally, it is expected that the optimized |eage
BFG-BT systems can be applied into higgmper#ure actuators.

Finally the valorization of textured systems in terms of innovative applications must

be explored based on the achieved knowledge from the present work.
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